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ABSTRACT 
Oysters (Crassostrea virginica) are functionally extinct in the urbanized Hudson-
Raritan estuary (HRE) in New York City, however, oyster reef restoration is promoted to 
mitigate nitrogen (N) pollution via oysters’ filtration and excretion. In order to determine 
the effect of a recently restored oyster reef on sediment denitrification, I seasonally took 
12 sediment cores (45 cm
2
) adjacent to and 10 m away from a recently constructed reef in 
the HRE.  Cores were incubated in flow-through chambers with site water containing (1) 
no amendments, (2) 
15
N-ammonium, or (3) 
15
N-nitrate, from which I calculated coupled 
nitrification-denitrification and direct denitrification as isotope-enriched N2. Coupled 
denitrification was minimal at all sites, whereas direct denitrification was elevated near 
the reef, suggesting organic matter in oyster waste stimulated direct denitrification of 
water column nitrate, however, high variability in field samples precluded statistical 
significance. To further investigate these effects, I designed a laboratory study to test how 
oysters influence direct and coupled denitrification in oligotrophic and eutrophic 
sediments. I created a 2x2 aquaria testing matrix with oyster presence and trophic state as 
factors and repeated the isotope treatments and sediment core methods used in the field 
study. Oyster presence significantly increased direct denitrification, but caused only small 
changes in coupled denitrification, suggesting that oyster reef restoration may be useful 
for removing nitrate from coastal ecosystems. 
  1 
CHAPTER I 
INTRODUCTION 
Worldwide oyster reef loss 
Oyster reef loss is a global phenomenon. An estimated 85% of oyster reefs have 
been lost worldwide, with some areas becoming ‘functionally extinct’ and unable to 
sustain an oyster fishery or sustain reef-related ecosystem services (Beck et al. 2011). 
Reef losses are driven by many factors, including overharvesting and pollution 
(Rothschild 1994, MacKenzie et al. 1997, Halpern et al. 2008). In urban areas, oyster reef 
loss is exacerbated by eutrophication, siltation of oyster reefs, and disease (Jackson et al. 
2001, MacKenzie 1996). 
Oyster reefs on the Atlantic coast of North America provided a valuable fishery 
resource in the past (NOAA 1997). Oyster harvests in the US peaked between 1880 and 
1910, representing a removal of 7.26 x 10
7
 kg of oyster meat annually (Coen and 
Luckenbach 2000, MacKenzie 1996). Over-harvesting was one factor contributing to the 
collapse of the wild Atlantic oyster fishery in the 1930’s (Jackson et al. 2001). In 2012, 
oyster harvest from the middle Atlantic states totaled 8.62 x 10
5
 kg, or less than 6% of the 
national oyster harvest for that year (Lowther 2013).  
A major influence of urban land-use on organisms inhabiting coastal ecosystems, 
such as oysters, is a change in hydrology. Impervious surfaces and combined sewers alter 
the timing and delivery of storm water to the shallow marine environment. The ‘flashier’ 
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hydrology typical of urban environments means increased magnitude and frequency of 
floods, which increase erosion and sediment transport (Walsh et al. 2005). In addition, 
when flooding in urban environments overwhelms capacity of combined sewer systems, 
untreated sewage and street runoff enter adjacent aquatic habitats (Newbold 2006). 
Overflow events and normal operation of wastewater treatment plants enrich the benthic 
sediments and water column with organic carbon and nutrients, thereby generating 
conditions typical of eutrophic systems (Kennish 2002, Nixon 1995). 
Organisms inhabiting urban coastal ecosystems are affected by periodic dredging 
of shipping channels required to sustain port commerce. Channel maintenance can 
damage oyster reefs’ health and reduce recruitment of juveniles. In addition to removing 
sediment from shipping channels, dredging is used to provide sand and sediment to fill in 
coastal landscapes (Gornitz et al. 2001, Jackson et al. 2001). Oyster larvae require solid 
substrates to attach their byssal threads, where they settle to metamorphose into adults 
(Carriker 1990). Reefs are sustained by positive feedback, where shells of previous 
generations provide an ideal habitat for settling (Gutierrez et al. 2003). Live C. virginica 
release chemicals that cause free-swimming larvae to exhibit settling behavior (Coon et 
al. 1985, Zimmer-Faust and Tamburri 1994). Siltation and dredging disrupt the physical 
and biological requirements for natural recruitment. Oysters may survive temporary 
burial by siltation, but not long-term burial (Baker and Mann 1992). 
Parasites also contribute to oyster reef loss. The protist parasites ‘MSX’ 
(Multinucleated Sphere X, Haplosporidium nelsoni, Minchinia nelsoni) and ‘dermo’ 
(Perkinsus marinus) were discovered in the 1950’s (MacKenzie 1996, Rothschild 1994). 
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MSX was introduced from Asia and was first documented in Delaware Bay, where it 
spread along the eastern United States (Carnegie and Burreson 2011). Dermo was first 
discovered in the Gulf of Mexico and spread along the eastern United States by the 
1950’s (Ewart and Ford 1993). MSX thrives in systems with low salinity (i.e., 15 ppt) 
(Carnegie and Burreson 2011, Ewart and Ford 1993) and dermo is common in warm 
water (i.e., >25°C) at salinities ≥8-12 ppt (Ewart and Ford 1993). Methods to eradicate 
the parasites without negatively affecting oyster hosts have yet to be developed, although 
resistance to MSX may be inherited in oysters (Carnegie and Burreson 2011, Barber 
1999).  
Oyster ecosystem services 
Intact oyster reefs provide many ecosystem services, including habitat creation 
and filtration. Oyster reefs stabilize benthic surfaces of intertidal habitats, which is 
beneficial for other animals. Oyster settling and reef-building creates complex three-
dimensional benthic structures (Coen et al. 2007, Gutiérrez et al. 2003). These porous 
structures provide habitat for mobile invertebrates and vertebrates (e.g., benthic fishes), 
and increase surface area for epibiotic organism attachment (e.g., benthic algae, bacteria) 
(Nestlerode et al. 2007, Gutiérrez et al. 2003). Reefs may provide refugia or nursery 
habitats for other organisms, which can increase overall species diversity (Coen et al. 
2007). The process of reef creation stabilizes benthic and shoreline sediments, which 
could help reduce the effects of rising sea level and shoreline erosion (Coen et al. 2007). 
Finally, filter-feeding organisms, such as oysters, can increase water clarity, which can 
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then increase property and recreational value of local environments (Grabowski and 
Peterson 2007, Coen et al. 2007). 
Similar to other bivalve suspension feeders (Bruesewitz et al. 2006), oysters 
increase water clarity by filtering food from the water column and delivering carbon (C) 
and nitrogen (N) in biodeposits (i.e., feces and pseudofeces) to benthic sediments, 
decreasing suspended solids, turbidity, and water column phytoplankton, which can 
enhance removal of N from the aquatic ecosystem via denitrification (see below) (Newell 
2004, Hoellein et al. 2015). Filtered items are sorted and selectively digested (Haven and 
Morales-Alamo 1966, Newell and Jordan 1983). Feces, which are materials that have 
been swallowed, digested, and defecated, are deposited as mucus-bound pellets of 
digested food items. Pseudofeces are loosely bound mucus strings containing rejected or 
excess items filtered by the oyster (Newell and Langdon 1996). Biodeposits are up to 8 
times larger by volume than naturally settling sediments and contain C and N, which can 
stimulate biogeochemical processes (Lund 1957, Hoellein et al. 2015). 
Nitrogen cycle and denitrification 
Nitrogen is usually a limiting nutrient in coastal ecosystems and high N 
concentrations in urban environments (Vitousek and Howarth 1991) can lead to harmful 
algal blooms, hypoxic “dead zones”, and reduced species richness (NRC 2000, Howarth 
et al. 2006, Diaz and Rosenberg 2008). While some N enters aquatic ecosystems via 
natural processes, anthropogenic sources of N pollution have greatly increased N 
concentrations over the past 200 years and surpassed natural fixation in the late 20th 
century (Vitousek et al. 1997, Galloway and Cowling 2002). Anthropogenic N-loading 
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includes point and non-point sources from agriculture, urbanization, and industry 
(Carpenter et al. 1998, Carmago and Alonso 2006). In addition to anthropogenic sources, 
naturally existing dinitrogen gas (N2) in the atmosphere can enter ecosystems via 
nitrogen-fixing bacteria (Vitousek et al. 2002, Gardner et al. 2006).  
 
Figure 1. Simplified diagram of the nitrogen (N) cycle modified from Herbert (1999). 
Solid lines indicate N transformations in anaerobic environments. Dotted lines indicate N 
transformations in aerobic environments. 
 
Through assimilation of inorganic N or N-fixation, organisms incorporate N into 
their tissues, where it can be incorporated into food webs and recycled following death 
and excretion (Figure 1). Organic N is typically converted first into ammonium (NH4
+
). 
For example, live organisms excrete NH4
+
 or organic N (which is mineralized to NH4
+
) 
and organic matter from dead tissue is mineralized to NH4
+
 by decomposers. Ammonium 
is a highly reduced form of N, and is transformed via a number of microbially mediated 
Nitrogen Sources and Transformations 
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processes. Nitrification by aerobic bacteria converts NH4
+
 into nitrate (NO3
-
). Anaerobic 
ammonia oxidation (anammox) converts NH4
+
 and nitrite (NO2
-
) into N2 (Strous et al. 
1999, Thamdrup and Dalsgaard 2002). Finally, NH4
+ 
can be re-assimilated directly by 
microbes and plants to be used in construction of organic N compounds.  
Like NH4
+
, NO3
-
 is a common inorganic N species in aquatic habitats, can be 
assimilated directly by plants and microbes, and has several fates through dissimilatory 
transformations. For example, dissimilatory NO3
-
 reduction to NH4
+
 (DNRA) by 
anaerobic bacteria reverts NO3
-
 into NH4
+
, creating a feedback loop that retains N in an 
environment and enhances eutrophication (An and Gardner 2002, Giblin et al. 2013). In 
contrast, denitrification is the aerobic reduction of NO3
-
 to N2 gas through a series of 
microbially-mediated dissimilatory transformations (with creation and reduction of 
nitrous oxide as an intermediate step). Denitrification results in the removal of 
biologically reactive N from aquatic habitats, so factors that control denitrification are a 
focus of research in eutrophic ecosystems. I note that anammox also represents loss of 
biologically available N, but does not produce as much N2 as denitrification in coastal 
ecosystems (Thamdrup and Dalsgaard 2002, Devol 2003, Francis et al. 2007). 
Denitrification is controlled by three primary factors: (1) NO3
- 
availability, (2) 
favorable redox conditions for denitrifying microbes, and (3) organic carbon availability 
(Herbert 1999, Philippot 2002). Most microbes do not have all enzymes required for full 
denitrification, and so complete reduction of NO3
-
 to N2 may require a consortium of 
closely associated microbes with complementary enzymes (Wallenstein et al. 2006). In 
addition, denitrification that occurs through the coupling of nitrification and 
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denitrification, described as ‘coupled denitrification’, can be the dominant pathway for 
N2 production in continental shelf sediments (Heiss et al. 2012 and sources therein). 
Coupled denitrification requires adjacent anoxic-oxic microsites, which support close 
associations of organisms and chemical substrates for each process. Denitrification that 
occurs independently of nitrification (i.e., using NO3
-
 in the water column or sediment) is 
‘direct denitrification’ and is typical in well-mixed coastal habitats in urban environments 
(Hoellein and Zarnoch 2014). Enhancing N delivery to sediments and the removal of N 
from ecosystems via denitrification may mitigate effects of cultural eutrophication. 
Confirming these effects requires careful measurement of separate denitrification 
pathways (i.e., coupled vs. direct) and environmental controls on N cycling rates.   
Oysters and sediment N cycling 
Restoration of native oyster reefs in coastal ecosystems has been proposed as a 
method to promote denitrification. As previously mentioned, oysters are filter feeders and 
contribute to improved water quality by removing phytoplankton from the water column, 
and redistribute nutrients and carbon from their food to the benthos as biodeposits, to be 
processed by sediment microbes (Newell 1988, Pomeroy et al. 2006). Oyster feces are 
tightly packed with strings of mucus up to several millimeters long while pseudofeces are 
less tightly bound and may break apart during excretion (Newell et al. 2005). Both types 
of biodeposits sink up to 40% faster than unaggregated organic matter (Newell et al. 
2005). Oyster filtration rate is highly variable and dependent on oyster size, seston 
quality, and temperature (Riisgard 1988, Newell and Langdon 1996, Cranford et al. 
2011). The nutritional content of oyster biodeposits varies with seston quality (Newell 
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2004) and with biodeposit type. Hoellein et al. (2015) found C. virginica reefs with 
higher quality seston (5-28 um diameter) correlated with significantly lower C:N ratios 
(i.e. higher quality organic matter) in biodeposits compared to reefs with lower quality 
seston. 
Understanding the conditions that control oyster-mediated denitrification is 
important for planning reef conservation and restoration (Hoellein et al. 2015). Previous 
research has produced equivocal results, where oysters increase denitrification rates in 
some cases, but have little effect in others. Several studies have measured denitrification 
in flow-through cores containing oyster reef sediments compared to sediment further 
from reefs. For example, Hoellein et al. (2015) showed denitrification in oyster reef-
adjacent sediments was higher than denitrification in reef-distal sediments at one reef in 
New Hampshire, but found no effect at another reef. Comparisons of restored oyster reefs 
to oyster-free control sites at a reef in Chesapeake Bay showed significantly higher 
denitrification in the reefs (Kellogg et al. 2013). Finally, experimental enclosures of 
oysters at increasing densities increased sediment organic matter, but had no effect on 
denitrification potential (Hoellein and Zarnoch 2014) or denitrification gene abundance 
(S. Lindeman, in review) in Jamaica Bay, NYC. In summary, oyster reefs may enhance 
denitrification, but rates vary among studies and sites (Kellogg et al. 2014). Research has 
begun to account for the biotic and abiotic factors that could explain oysters’ effect on 
denitrification, but the effect of oyster reefs on denitrification pathways in urban 
ecosystems has not previously been measured.  
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Oyster reef restoration in NYC 
Prior to 1900, oysters were common throughout the Atlantic coast of the United 
States, including New York Harbor (Levinton et al. 2013, Zu Ermengassen 2012, 
Mackenzie et al. 1997). Many oyster reefs in the region were unsustainably harvested and 
the New York and New Jersey fishery was depleted in the 1920’s (Franz 1982). During 
peak harvest years, for example, the state of New York harvested more than 5.51 x 10
7
 kg 
of oysters in 1910 alone (Lyles 1969). Other contributions to oyster reef loss in the area 
include the creation of shipping passages and dredging (Mackenzie et al. 1997). Sewage 
and wastewater in NYC waterways decreased water quality as the population grew. 
Although wastewater treatment infrastructure has improved over the last 50 years, NYC 
waterways receive more N that any other estuary in the world, an average of 290 g N m
-2
 
y
-1
 (Howarth et al. 2006). 
Eastern oyster (Crassostrea virginica) reef restoration in NYC is well supported 
by local and state governmental agencies. Reef restoration is ongoing at several locations 
including the Hudson River, Jamaica Bay, and East River. One primary objective for 
restoration is to improve water quality via oyster suspension feeding and enhanced 
denitrification (Cornwell et al. 1999, Newell et al. 2005, Coen et al. 2007, Grizzle et al. 
2013). Although recent evidence suggests that oysters can influence sediment carbon and 
may affect denitrification potential in the region (Hoellein and Zarnoch 2014), but more 
studies on the environmental controls and pathways for denitrification in oyster reefs in 
urban ecosystems are needed.  
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Thesis research 
 In this thesis, I examined the effects of oyster reefs on N biogeochemistry in a 
highly urbanized coastal ecosystem. In Chapter 2, I evaluate the effect of a recently 
restored oyster reef in New York City on denitrification pathways. This field experiment 
compared reef-adjacent and reef-distal sediment cores and fluxes of N solutes and gasses 
at the sediment-water interface. In the lab, I installed cores in a continuous-flow system 
where inflow water was amended with 15N isotopes to create three treatments: control, 
15NH4
+, and 15NO3
-. The isotopes allowed me to follow the chemical pathways of N2 
production (i.e., coupled vs. direct denitrification). I predicted that sediment in reef-
adjacent cores would have higher concentrations of organic matter and nitrogenous waste 
from oyster biodeposits, with higher rates of total denitrification (Figure 2). I expected  
 
Figure 2. Conceptual diagram of predictions in oyster reef sediment core experiment. N 
transformations are indicated in italics. Dots in water column represent phytoplankton, 
ovals represent oysters, and dots in sediment represent organic matter. Line thickness 
indicates relative magnitude of N transformations.  
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reef-adjacent cores would show higher coupled nitrification-denitrification than direct 
denitrification, stimulated by mineralization of NH4
+
 from oyster biodeposits and the 
ability of the 3-dimensional structure of the oyster reef to maintain oxic-anoxic microsites 
(Kellogg et al. 2013). In contrast, I predicted the pathway for N2 production in reef-distal 
cores would be more evenly divided between coupled and direct denitrification.  
In Chapter 3, I compare oyster reef effects on sediment N biogeochemistry in 
aquaria by manipulating sediment C and water column nutrient concentrations, 
mimicking oligotrophic and eutrophic conditions. Using artificial seawater and 
homogenized sediment from the field site in NYC, I built artificial ‘reefs’ in aquaria. I 
designed a fully crossed experiment to compare the effect of oysters on sediment N 
cycling under conditions mimicking eutrophication (i.e., high water column nutrients and 
high sediment organic matter) and under oligotrophic conditions (i.e., no added water 
column nutrients and low sediment organic matter). I collected sediment cores from 
aquaria and analyzed N cycling using the same analytical approaches as the field study. I 
predicted that aquaria with oysters would have higher rates of denitrification than aquaria 
without oysters. Additionally, I predicted that eutrophic aquaria would have higher rates 
of denitrification than oligotrophic aquaria. I expected coupled nitrification-
denitrification would be the dominant N pathway for denitrification in both oligotrophic 
and eutrophic aquaria. 
Results from both chapters will inform management practices as well as assist 
oyster reef restoration efforts of the Hudson River Foundation and other stakeholders. In 
12 
 
addition, these results provide insight to N biogeochemistry in urbanized ecosystems, 
which has not been extensively studied.  
 
 13 
CHAPTER II 
OYSTER REEF RESTORATION AND DENITRIFICATION PATHWAYS  
IN AN URBANIZED EUTROPHIC ESTUARY 
Introduction 
Changes in oyster reefs and their ecosystem services 
Oyster reef loss is a global phenomenon. Approximately 85% of oyster reefs have 
been lost worldwide, with some areas deemed ‘functionally extinct’ or unable to sustain 
an oyster fishery or reef-related ecosystem services (Beck et al. 2011). Reef losses are 
driven by multiple stressors such as overharvesting (Rothschild 1994, MacKenzie et al. 
1997, Halpern et al. 2008), eutrophication, disease, and altered hydrology, which cause 
siltation of reefs and inhibit larval recruitment (Jackson et al. 2001, MacKenzie 1996).  
Intact oyster reefs provide many ecosystem services. Oyster reefs create complex 
three-dimensional structures (Coen et al. 2007, Gutiérrez et al. 2003), which provide 
habitat to invertebrates, fishes, and organisms that attach to hard surfaces (e.g., mussels, 
algae, and other microbes) (Nestlerode et al. 2007, Gutiérrez et al. 2003). Reefs provide 
refugia and nursery sites, which increase abundance and diversity of fish with nearshore 
juvenile stages (Coen et al. 2007). Reefs also stabilize benthic and shoreline sediments, 
which may help mitigate rising sea level and shoreline erosion (Coen et al. 2007). 
Finally, filter-feeding organisms can increase water clarity, with beneficial effects on the 
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recreational and property values of nearshore habitats (Grabowski and Peterson 2007, 
Coen et al. 2007). Similar to other bivalve suspension feeders (Bruesewitz et al. 2006), 
oysters filter particulates from the water column and deliver carbon (C) and nitrogen (N) 
in biodeposits (i.e., feces and pseudofeces) to the sediment. Oyster filtrate is sorted and 
selectively ingested (Haven and Morales-Alamo 1966, Newell and Jordan 1983). 
Pseudofeces contain filtered items that are rejected (e.g., sand), and are released loosely 
bound in mucus strings (Newell and Langdon 1996). Feces are produced following 
digestion, and are released from the oyster as mucus-bound pellets. Oyster filtration is 
highly variable and dependent on oyster size, seston quality, and temperature (Riisgard 
1988, Newell and Langdon 1996, Cranford et al. 2011). However, biodeposits are larger, 
contain more C and N, and sink up to 40% faster than un-aggregated, naturally settling 
organic matter (Newell et al. 2005), and thereby likely stimulate biogeochemical 
processes in underlying sediment (Lund 1957, Hoellein et al. 2015). 
Oysters and sediment N cycling 
Nitrogen is considered a primary limiting nutrient in marine ecosystems, and may 
undergo multiple potential transformations prior to removal from the aquatic 
environment. Through assimilation of inorganic N or N-fixation, organisms incorporate 
N into their tissues, where it can be incorporated into food webs and recycled following 
death and excretion. Organic N in dead tissues and wastes are converted first into 
ammonium (NH4
+
, a highly reduced form of N), which can be directly assimilated by 
microbes or plants, and/or transformed via several microbially mediated processes. 
Nitrification by aerobic bacteria converts NH4
+
 into nitrate (NO3
-
). Anaerobic ammonia 
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oxidation (anammox) converts NH4
+
 and nitrite (NO2
-
) into N2 (Strous et al. 1999, 
Thamdrup and Dalsgaard 2002). Like NH4
+
, NO3
-
 can be assimilated directly by plants 
and microbes, and has several fates through dissimilatory transformations. For example, 
dissimilatory NO3
-
 reduction to NH4
+
 (DNRA) by anaerobic bacteria reverts NO3
-
 into 
NH4
+
, creating a feedback loop that retains N in an environment and enhances 
eutrophication (An and Gardner 2002, Giblin et al. 2013). In contrast, denitrification is 
the aerobic reduction of NO3
-
 to N2 gas through linked dissimilatory transformations 
(with creation and reduction of nitrous oxide as an intermediary step). Denitrification 
results in the removal of biologically reactive N from aquatic habitats, so factors that 
control denitrification are a focus of research in eutrophic ecosystems. 
Oyster biodeposits may enhance removal of N from the aquatic ecosystem by 
stimulating sediment denitrification (Newell 2004, Kellogg et al. 2014) by altering one or 
more of the three primary drivers of denitrification: organic C, NO3
-
, and redox 
conditions (Herbert 1999, Philippot 2002). Oyster biodeposits may enhance the quality or 
quantity of sediment C, thereby driving denitrification of water column NO3
-
 (i.e., direct 
denitrification). This is typical in well-mixed coastal habitats high in water column NO3
-
 
(Hoellein and Zarnoch 2014). In addition, organic N within biodeposits can be 
mineralized to ammonium (NH4
+
), and oysters excrete NH4
+ 
directly. If oyster-derived 
NH4
+
 is nitrified, the NO3
-
 produced may be subsequently denitrified (i.e., coupled 
nitrification-denitrification). In areas with low water column NO3
-
 relative to NH4
+
, this 
can be the dominant pathway for N2 production (Herbert 1999, Heiss et al. 2012, Smyth 
2013, Kellogg et al. 2014). Coupled nitrification-denitrification requires adjacent anoxic-
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oxic microsites, which support close association of organisms and chemical substrates for 
each process. Enhancing N delivery to sediments and the removal of N from ecosystems 
via denitrification may help mitigate effects of cultural eutrophication, but quantifying 
these effects requires careful measurement of separate denitrification pathways (i.e., 
coupled vs. direct) and environmental controls on N cycling rates to understand the 
processes involved. 
Restoration of native oyster reefs in coastal ecosystems has been proposed as a 
method to promote denitrification. Understanding the environmental conditions that 
control oyster-mediated denitrification is important for planning reef conservation and 
restoration (Hoellein et al. 2015). Previous research has produced equivocal results, 
however, as oysters increase denitrification rates in some cases, but have little effect in 
others. For example, Hoellein et al. (2015) showed denitrification in oyster reef-adjacent 
sediments was higher than denitrification in reef-distal sediments at one reef in New 
Hampshire, but found no effect at another reef in the same estuary. Comparisons of 
restored oyster reefs to oyster-free control sites at a reef in Chesapeake Bay showed 
significantly higher denitrification in the reefs (Kellogg et al. 2013). Finally, 
experimental enclosures of oysters at varying densities increased sediment organic 
matter, but had no effect on denitrification potential (Hoellein and Zarnoch 2014) or 
denitrification gene abundance (S. Lindeman, in review) in Jamaica Bay, NYC. In 
summary, oyster reefs may enhance denitrification, but their effect on the underlying 
controls for various denitrification pathways require further study, especially for reefs in 
waters influenced by urbanization.  
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Oyster reef restoration in NYC 
Prior to 1900, oysters were common throughout the Atlantic coast of the United 
States, including New York Harbor (Levinton et al. 2013, Zu Ermengassen 2012, 
Mackenzie et al. 1997). Unsustainable harvesting depleted the New York and New Jersey 
fishery by the 1920’s (Franz 1982). Other contributions to oyster reef loss in the area 
include the creation of shipping passages and dredging (Mackenzie et al. 1997) as well as 
cultural eutrophication and disease (Levinton 2013).  
Eastern oyster (Crassostrea virginica) reef restoration in NYC is supported by 
local and state governmental agencies. Reef restoration is ongoing at several locations 
including the Hudson River, Jamaica Bay, and East River. One primary objective for 
restoration is to improve water quality via oyster filtration and enhanced denitrification 
(Cornwell et al. 1999, Newell et al. 2005, Coen et al. 2007, Grizzle et al. 2013). Recent 
evidence using experimental enclosures suggests that oysters can increase sediment C 
and may affect denitrification potential (Hoellein and Zarnoch 2014). However, no 
previous studies have examined environmental controls and pathways for denitrification 
in restored oyster reefs in urban ecosystems.  
Objectives 
 In this study, I measured the effects of a recently restored oyster reef in New York 
City on sediment denitrification pathways on a seasonal basis. I compared fluxes of N 
solutes and gasses at the sediment-water interface from cores collected immediately 
adjacent to a restored reef and 10-15 m away. In the lab, I installed cores in a continuous-
flow system where inflow water was amended with 
15
N isotopes to create three 
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treatments: control, 
15
NH4
+
, and 
15
NO3
-
. The isotopes allowed me to follow the chemical 
pathways of N2 production (i.e., coupled vs. direct denitrification). I predicted that 
sediment in reef-adjacent cores would have more C and N from oyster biodeposits, with 
higher rates of total denitrification. I expected reef-adjacent cores would show higher 
coupled nitrification-denitrification than direct denitrification, stimulated by 
mineralization of NH4
+
 from oyster biodeposits and the ability of the 3-dimensional 
structure of the oyster reef to maintain oxic-anoxic microsites (Kellogg et al. 2013). In 
contrast, I predicted the pathway for N2 production in reef-distal cores would be more 
evenly divided between coupled and direct denitrification, with lower rates overall.  
Methods 
Study site and reef construction 
 The study site was located near Soundview Park in the East River, Bronx, New 
York City. The East River is a 26 km tidal strait that connects Upper New York Bay to 
Long Island Sound. Daily tides occur at both ends of the strait due to tidal head 
differences and can reach speeds of up to 5 knots, leading the waters to be well-mixed 
and not stratified (O’Shea and Bronson 2000). Waters at Soundview Park receive 
freshwater input from the Bronx River, creating brackish conditions of 25 ppt at the 
constructed oyster reef (Table 1). The Bronx River watershed covers 263 km
2
 with 24% 
impermeable surface cover (Hoellein et al. 2011), contributing to N loading in the 
estuary. Additional N loading occurred via combined sewer overflow pipes located in the 
Bronx River estuary and East River.  
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  Oyster reef construction at Soundview Park began in autumn 2010, directed by 
the Army Corps of Engineers. First, a 50 m
2
 (5 x 10 m) rock base of 20-30 cm diameter 
rubble was laid on the sediment, followed by a layer of surf clam shell. Juvenile oysters 
as spat-on-shell (SOS) were raised at the NY Harbor School, transported to the site, and 
evenly distributed by hand throughout the reef in October 2010. A total of 58,500 SOS 
were initially placed at the reef. Oyster reef monitoring began in November 2010 with 
wading observers using 9, 0.1 m
2
 quadrats. Observers noted that substantial erosion and 
transport of SOS had occurred during autumn. Therefore, in June 2011, an additional 
55,700 SOS were added to 18 m
2
 on the northern half of the reef (Grizzle et al. 2013).  
Collection of sediment cores 
We collected sediment cores to measure sediment biogeochemistry on July 31, 
2011, October 1, 2011, and May 7, 2012. We accessed the reef via wading during low 
tide. Six sediment cores (7.6 cm in diameter and 15-20 cm depth) were taken directly 
adjacent to the oyster reef, and six cores were taken 10-15 m away from the reef. The 
core sampler was fitted with a one-way rubber flow valve, which preserved the sediment-
water interface (SWI) with minimal disturbance during collection (Gardner et al. 2006). 
The 6 reef-distal locations were chosen by a concurrent hydrologic study that showed 
oyster biodeposits were least likely to be transported to that location (Brett Branco, 
unpublished data). In July 2011 only, we collected 12 additional cores to measure the 
effects of live oyster spat on nutrient transformations. Of those additional twelve, we 
collected 6 cores from within the reef that contained spat-on-shell, and collected 6 cores 
in areas containing shell only. After sampling, all cores were closed with tightly fitting 
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rubber caps, sealed with electrical tape, stored in a dark cooler, and taken back to 
laboratory. We also collected six, 20 L carboys of unfiltered site water to use in flow-
through measurements. There was no evidence for DO stratification on any date, 
attributed to shallow depth during collection (~1 m) and tidal flow.  
On each sampling date, we measured concentrations of SRP, NH4
+
, NO2
-
, and 
NO3
-
 (see below). In addition, triplicate water samples (100-200 ml) were used to 
quantify total chlorophyll a concentration. We filtered samples through a 0.45 µm 
nitrocellulose membrane. Membranes were stored in the dark at -20°C until analyzed. 
Samples were extracted overnight at 4°C in 90% acetone. Chlorophyll a was measured 
fluorometrically (Turner Designs, Sunnyvale, CA) (Parsons et al. 1984). Hudson River 
Foundation researchers also collected water quality data throughout my sampling period 
during regular monitoring, including temperature, pH, salinity, and dissolved oxygen 
using handheld YSI meters (YSI, Inc., Yellow Springs, OH). 
Flow-through measurements of nutrient and gas fluxes 
The sediment cores were set up in continuous-flow incubations within 2-3 hours 
of sampling, using the protocols described in Gardner et al. (2001). First, we removed 
water from each core, leaving 5 cm of water above the SWI (approximately 227 mL). If 
present, we carefully removed benthic fauna such as eastern mud snails (Ilyanassa 
obsoleta). A plunger with a rubber O-ring was fitted into each core to create a tight seal. 
The plunger was plumbed with a Teflon inlet and outlet tubing (Lavrentyev et al. 2000; 
An et al. 2001). Aerated site water flowed into each core via a 16 channel peristaltic 
pump (model 205U, Watson Marlow Pumps Group, Falmouth, Cornwall, UK) at a rate of 
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1.1 mL minute
-1
, and core outflows were collected in beakers. We carefully removed any 
air bubbles from the core headspace at the beginning of the analysis, and cores were 
monitored for bubbles throughout. We wrapped cores in aluminum foil to prevent bubble 
formation via photosynthesis, although we observed no benthic algae and little bubble 
formation inside cores. We conducted all measurements at room temperature.  
We established three treatments in the site water that flowed into the cores: two 
cores received no 
15
N (control), two cores had added 
15
NH4
+
 (final concentration 10 μM 
15
NH4-N), and two cores had added 
15
NO3
-
 (final concentration 10 μM K15NO3-N) 
(Nielsen 1992, Gardner and McCarthy 2009). These isotope treatments enriched mean 
(±SE) inflowing water column nutrient concentrations of 
14,15
NH4
+
 and 
14,15
NO3
-
 by a 
factor of 1.45 (±0.11) and 1.55 (±0.05), respectively. The experiment was repeated for 
cores collected adjacent to the reef (N=6) and cores collected 10-15m away from the reef 
(N=6). In summer only, this experiment was repeated for cores containing spat-on-shell 
(N=6) and cores with shells only (N=6). Water was passed through the cores for 24 hours 
to establish steady-state environment prior to sample collection (Gardner and McCarthy 
2009). Inflow and outflow water was collected at 24, 48, and 72 hours after the start of 
the incubation (Bruesewitz et al. 2013). We did not measure steady-state conditions 
directly, but core outflow water was stable and well oxygenated on each collection 
period. For example, reef-adjacent mean (±SE) final O2 concentration was 32.1 (±26.4) 
µM O2 in July, 160.9 (±3.1) µM O2 in October, and 153.8 (±26.4) µM O2 in May. 
At each sample period, we collected water for dissolved inorganic nutrients and 
gasses. Water samples for dissolved nutrients were filtered with 0.2 µm nylon syringe 
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filters (Thermo Scientific, Rockwood, TN, USA) into triplicate 20 mL liquid scintillation 
vials (Wheaton, Millville, NJ, USA). In addition, we filtered three replicate samples in 8 
mL glass sample vials (Wheaton) for later measurement of dissolved 
15
NH4
+
. Water 
samples were frozen until measurement of dissolved nutrients. Separately, we collected 
three replicate water samples for dissolved gas analyses. Water from each inflow and 
outflow were collected in 15 mL glass vials with ground glass stoppers (Chemclass, 
Vineland, NJ, USA). For this process, we filled each vial slowly from the bottom and 
allowed them to overflow for several volumes (Bruesewitz et al. 2013, Hoellein and 
Zarnoch 2014). Samples were preserved with 200 µL of 50% zinc chloride, and stored in 
glass vials with ground glass stoppers underwater below room temperature until analysis 
of dissolved gasses (Kana et al. 1994, An et al. 2001, An and Gardner 2002, McCarthy 
and Gardner 2003). 
Sediment Organic Matter 
After the final sample collection from the continuous-flow measurements were 
completed, we collected the top 5 cm of sediment from each core to measure sediment 
ash-free dry mass. Sediment was placed in 500 mL plastic containers and frozen until 
analysis. We transferred thawed samples into pre-ashed and weighed aluminum pans, 
dried samples at 60°C for at least 48 hours, and measured dry mass. We combusted 
samples for 4 hours at 550 °C. Samples cooled for at least 1 hour in a room temperature 
desiccator before final measurement of ash mass.  
Dissolved solute and gas chemistry 
Water chemistry was performed on a SEAL AutoAnalyzer 3 (Seal Analytical, Inc., 
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Mequon, WI). We measured SRP using the ascorbic acid method (Murphy and Riley 
1962), NH4
+ with the indophenol blue method (Solorzano 1969), and NO2
- + NO3
- (NOx
-) 
using the sulfanilamide method with a cadmium reduction column. Samples were also 
tested with the sulfanilamide method but without the reduction column to measure NO2
- 
alone, and NO3
- was determined by difference (Greenburg 1985). We modified the 
sulfanilamide method by amending the ammonium chloride (NH4Cl) reagent with 0.5 g 
L-1 of ethylenediaminetetraacetic acid (EDTA) buffer, as EDTA is known to bond with 
metals that can inhibit NO3
- reduction.  
Dissolved gas analysis was performed using a membrane-inlet mass spectrometer 
(MIMS, Bay Instruments, Easton, MD). For each sample, a peristaltic pump moved water 
from the bottom of the sample vial through a vacuum chamber, which pulled dissolved 
gasses out of solution across a membrane (Kana et al.1994, An et al. 2001, Bruesewitz et 
al. 2013). MIMS plumbing includes a trap submerged in liquid N2 to prevent water vapor 
contamination. Gasses measured on the MIMS include N2 isotopes (
28N2, 
29N2, and 
30N2), 
argon, and oxygen. We ran periodic standards of equal salinity at 21°C and 30°C to 
correct for instrument drift throughout the run (Kana et al. 1994, Hoellein and Zarnoch 
2014). The quadrupole mass spectrometer in the MIMS can produce O+ ions that form 
nitric oxide (NO) in the presence of N2, thereby affecting 
28N2 and
 30N2 measurements 
(Eyre et al. 2002; Kana and Weiss 2004). The error magnitude is machine-specific 
(McCarthy and Gardner 2003), and for the machine used in this study (Dr. Wayne 
Gardner’s laboratory at the University of Texas Marine Science Institute), the effect was 
well measured and shown to be negligible (McCarthy et al. 2007, 2008). 
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Flux calculations 
We calculated fluxes of dissolved nutrients and gasses by subtracting the outflow 
from the inflow concentrations, where a positive number indicates net production or 
release from sediment, and a negative number indicates net retention (An et al. 2001). We 
multiplied change in element (µmol) by the flow rate of the pump, and then divided by 
the area of the SWI to obtain a final value for flux in units of mol element m-2 h-1 
(McCarthy et al. 2008).  
Multiple N2 gas transformations were calculated using the relative N2 flux values 
across the three treatments (control, +15NH4
+, and +15NO3
-). Net N2 flux was the balance 
of denitrification and N-fixation in control cores. N-fixation was calculated by using a 
quadratic equation based on gross 28,29,30N2 denitrification and net 
28,29,30N2 production in 
the 15NO3
- cores (An et al. 2001). Denitrification (DNF) was calculated as the difference 
between N-fixation and net N2 flux in the control cores. Potential DNF, or the rate of 
denitrification in the presence of elevated NO3
-, was measured as total N2 production 
(accounting for N-fixation) in the 15NO3
- cores. Finally, I followed 15N from the 15NH4
+ 
and 15NO3
- into the isotopically labeled 29,30N2. Coupled DNF represented the 
15N 
converted to 29,30N2 in cores that were amended with 
15NH4
+. Direct DNF represents the 
15N converted to 29,30N2 in cores that were amended with 
15NO3
-. Sediment oxygen 
demand (SOD) was measured simultaneously with N2 gasses and was calculated as the 
difference in O2 flux in control cores. I note anammox can also contribute to isotope 
labeled N2, but studies from nearby estuaries suggest it is a relatively minor contributor 
of total N2 production (i.e., 2-9% of denitrification; Engström et al. 2005; Koop-Jakobsen 
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and Giblin 2009). Finally, I acknowledge that denitrification rates do not account for 
incomplete denitrification to nitrous oxide.  
Dissimilatory nitrate reduction to ammonium (DNRA) is an anaerobic pathway 
that can represent a significant pathway for NO3
- under certain conditions (An and 
Gardner 2002). I measured DNRA by tracing 15NO3
- into the 15NH4
+ pool in the +15NO3
- 
cores. I measured 15NH4
+ concentrations using high-performance liquid chromatography 
(HPLC) as described in Lin et al. (2011), which were derived from Blackburn (1979). 
HPLC was used to measure 15NH4
+ in water samples from cores that were amended with 
either 15NH4
+ (to measure NH4
+ uptake) or 15NO3
- (to measure DNRA). The difference 
between DNRA and uptake was net 15NH4
+ flux. Rates of DNRA, NH4
+ uptake, and net 
15NH4
+ flux are all considered potential values because I measured 15NH4
+ and 15NO3
- in 
addition to background concentrations of NH4
+ and NO3
-. Additionally, I did not measure 
pore-water NH4
+ or loss of 15NH4
+ from cation exchange (Bruesewitz et al. 2013, Smyth 
et al. 2013, Gardner and McCarthy 2009, An and Gardner 2002).  
Statistical analysis 
For all fluxes, I first calculated the mean flux on each sampling day, and then 
calculated mean flux from each individual core by averaging across the 3 sampling days 
(24, 48, and 72 hours post incubation). Individual cores were replicates for the statistical 
analysis, where N=2 for each treatment (control, +15NH4
+, and +15NO3
-) (Gardner and 
McCarthy 2009, Bruesewitz et al. 2013). I acknowledge the low replication for each 
treatment’s reduced statistical power; however, there was limited capacity for the number 
of core measurements that could be completed simultaneously. I decided to prioritize the 
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number and types of N transformations measured, rather than increase the number of 
replicates and thus complete fewer types of measurements. I used a 2-way ANOVA with 
reef proximity and date as factors to analyze patterns in dissolved solute flux, sediment 
organic matter, SOD, N2 gas fluxes (i.e., net N2 flux, N-fixation, denitrification, potential 
denitrification, coupled denitrification, and direct denitrification), as well as DNRA and 
15NH4
+ uptake. For the spat and shell cores collected in July 2011, I used a t-test to 
compare those response variables between spat-on-shell and shell alone cores. I 
calculated 14N DNRA rates by comparing 15N DNRA rates and 15NO3
- and 14NO3
- 
concentrations. I also calculated DNRA:direct denitrification ratios, using t-tests to 
compare reef-distal vs. reef-adjacent cores and spat vs. shell cores. Analyses were 
performed in Systat v.13 (Systat Software, Inc.) with p-values ≤0.05 as a threshold for 
significance. 
Results  
Physicochemical conditions at the Soundview Park oyster reef varied by season 
(Table 1). Mean daily water temperature was highest in summer and ranged from 13.8 – 
22.1 ˚C. Dissolved oxygen (DO) during daytime was lower in summer and spring, and 
ranged from 4.7 – 6.2 mg/L. Water column concentrations of NH4
+ and NO3
- were much 
greater in fall than in summer or spring, while SRP and NO2
- were less variable. 
Chlorophyll a was higher in summer than fall or spring (Table 1). Finally, pH and salinity 
were relatively uniform across sampling dates (Table 1). 
Nutrient and gas fluxes in reef-adjacent and reef-distal cores  
Fluxes of nutrients and SOD were not affected by reef-proximity, but differed 
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among seasons. NO2
- flux was highest in fall (ANOVA, p=0.001; Table 2), and SOD was 
highest in summer (Figure 3). While fluxes of NO3
-, NH4
+, and SRP were variable and 
not significantly affected by reef proximity or season, there was a trend that cores taken 
further away from the reef had greater positive fluxes than cores adjacent to the reef, with 
the exception of NO3
-, which had greater negative fluxes further away from the reef.  
Fluxes of N2 were also not affected by reef-proximity, but did show significant 
seasonal variation, following seasonal trends similar to those seen in previous studies 
(Kemp 1990). For example, denitrification was highest in fall and lowest in spring 
(ANOVA p=0.006), and rates were not affected by reef proximity (ANOVA, p=0.959; 
Table 3; Figure 4A). Potential denitrification (i.e., total N2 produced with added 
15NO3
-) 
was an exception to this pattern, as there was a significant interaction between reef 
proximity and season (ANOVA p=0.023; Table 3), resulting from higher rates of direct 
denitrification in reef-adjacent sediments in the summer, but identical rates between reef-
adjacent and reef-distal sediments in spring and autumn (Figure 4B). Despite the added 
15NO3
-, rates of potential denitrification were no higher than denitrification, suggesting 
that denitrification was not NO3
- limited. Finally, patterns of net N2 flux (data not shown) 
by season and reef-proximity were the same as those for denitrification and potential 
denitrification because N-fixation was low or not detected (Table 3).  
I used 15NO3
- and 15NH4
+ as tracers to follow movement of dissolved inorganic N 
into N2 gas. Rates of both direct and coupled denitrification were lowest in spring, and 
there was no effect of reef proximity on either rate (Figure 5; Table 3). Across all 
sampling dates, rates of 15N-N2 production were much higher when 
15NO3
- was added to 
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inflow water (i.e., direct denitrification) than when 15NH4
+ was added to inflow water 
(coupled denitrification; Figure 5). Rates of coupled denitrification for reef-adjacent 
cores represented 11.3% of direct denitrification in summer, 13.5% in autumn, and 0% in 
spring. Rates of coupled denitrification in reef-distal cores represented approximately the 
same proportion of direct denitrification: 7.7% in summer, 19.6% in autumn, and 0% in 
spring.  
I also used 15NO3
- as a tracer to measure DNRA as the rate of 15NH4
+ production 
in reef-adjacent and reef-distal cores in summer. There was no difference in DNRA 
between reef-adjacent and reef-distal cores in summer (t-test p=0.141), no difference in 
15NH4
+ uptake (t-test, p=0.192), and no difference in net 15NH4
+ flux (t-test, p=0.638; 
Table 4). The relative rate of 15N from 15NO3
- converted into 15NH4
+ via DNRA relative 
to the rate converted to N2 via direct denitrification was 5.0% in the reef-adjacent cores, 
and 28.4% in the reef-distal cores.  
Sediment organic matter in reef-adjacent and reef-distal cores  
There was a significant difference in organic matter content in cores due to reef 
proximity (ANOVA, p=0.008), but not season (ANOVA, p=0.126; Table 3), showing a 
consistent pattern that reef-distal cores had higher amounts of organic matter than reef-
adjacent cores (Figure 6). While I did not measure size-fractioned organic material in 
cores, reef-adjacent cores had more shell material in sediments, which likely accounts for 
the trend of reduced organic matter proportion. 
Nutrient and gas fluxes in spat-on-shell and shell-only cores  
In general, nutrient fluxes were higher in spat-on-shell cores relative to those with 
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only shells (Table 5). Flux of NH4
+ out of cores was significantly higher in spat-on-shell 
treatment (t-test p=0.006), and both NO2
- and NO3
- fluxes were on the margin of 
statistical significance for higher uptake in spat-on-shell cores (t-test p=0.057 and 
p=0.081, respectively). In contrast, there was no significant difference between spat and 
shell SRP fluxes (t-test p=0.940).  
I observed no significant differences in SOD (t-test p=0.607; Figure 7) or N2 
fluxes between spat-on-shell and shell-only cores, although several N2 fluxes were on the 
margins of statistical significance (Table 6). For example, cores with spat-on-shell tended 
to have higher denitrification (t-test p=0.067) and potential denitrification (t-test p=0.099) 
than shell-only cores (Figure 8). Spat-on-shell and shell-only cores had the same rates of 
coupled denitrification (t-test p=0.893) and direct denitrification (t-test, p=0.130; Table 6; 
Figure 9). As with reef-adjacent and reef-distal cores, direct denitrification was greater 
than coupled denitrification, and potential denitrification rates were the same as 
denitrification, despite the added 15NO3
- (Figure 8). I observed no N-fixation in spat-on-
shell or shell-only cores (Table 6). Finally, there was no significant difference in DNRA 
between spat treatments (t-test p=0.254) or 15NH4
+
uptake (t-test, p=0.170, Table 7). 
However, the balance between 15NH4
+
uptake and 
15NH4
+
regeneration was negative (i.e., net 
uptake) in both spat-on-shell and shell-only cores, and there was significantly more 
uptake in shell-only cores than in spat-on-shell cores (t-test, p=0.016; Table 7).  
After completing flow-through core measurements, I disassembled spat and shell 
cores to count oyster spat density. As expected, mean (±SE) in spat cores was 8.5 (±2.4) 
individuals core-1, corresponding to a density of 1,889 (±541) individuals m-2. The mean 
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spat density in the cores was slightly lower than the spat density stocked in June 2011 
(prior to my sampling) of 3,094 individuals m-2. Among the 6 shell-only cores, I found a 
single core that contained one spat. 
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Table 1. Water column physicochemical properties on each sampling date at the 
Soundview Park oyster reef. Abbreviations: DO = dissolved oxygen, SRP = soluble 
reactive phosphorus, NH4
+ = ammonium, NO2
- = nitrite, and NO3
- = nitrate. 
   
Date 
Measurement Units 
 
7/31/2011 (SE) 10/1/2011 (SE) 5/7/2012 (SE) 
Temperature ˚C 
 
23.2 21.4 13.0 
pH 
  
7.4 7.7 7.8 
Salinity ppt 
 
25 25 25 
DO mg L
-1
 
 
5.8 8 6.2 
Chlorophyll a µg L
-1
 
 
33.73 9.60 9.63 
SRP µM 
 
2 (0.01) 6 (0.3) 2 (1.2) 
NH4
+
 µM 
 
9 (0.1) 37 (0.8) 14 (8.0) 
NO2
-
 µM 
 
3 (0.04) 3 (0.1) 2 (0.5) 
NO3
-
 µM 
 
11 (0.9) 30 (4.9) 15 (6.2) 
 
 
 
 
 
 
 
Table 2. Mean (±SE) for nutrient fluxes in sediment cores taken adjacent to (near) and 
10-15 m away (far) from the Soundview Park oyster reef. Units for fluxes are µmol of P 
or N m-2 h-1. P-values are from 2-way ANOVA by reef proximity and season, where 
interact. Interact = interaction of site and season. P-values ≤0.05 are in bold. 
Abbreviations: SRP = soluble reactive phosphorus, NH4
+ = ammonium, NO2
- = nitrite, 
and NO3
- = nitrate. 
  
Near 
 
Far 
 
p-value 
Flux 
 
Mean SE 
 
Mean SE   Season Proximity Interact 
SRP   9.1 11.2   13.6 7.7   0.097 0.667 0.798 
NH4
+
 
 
34.6 64.5 
 
150.4 62.0 
 
0.155 0.167 0.708 
NO2
-
 
 
-3.8 6.7 
 
0.6 8.1 
 
0.001 0.199 0.735 
NO3
-
   -14.6 36.1   -33.7 8.0   0.572 0.637 0.357 
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Table 3. Mean (±SE) of sediment oxygen demand (SOD), organic matter, and nitrogen gas (N2) fluxes in sediment cores taken 
adjacent to (near) and 10-15 m away from (far) from the Soundview Park oyster reef. Denitrification (DNF) is measured in control 
cores (no 15N added) and represents total N2 production after accounting for N-fixation. Potential DNF is measured in cores amended 
with 15N nitrate (15NO3
-). Coupled DNF represents the 15N in 29,30N2 produced in cores amended with 
15N ammonium (15NH4
+). Direct 
DNF represents the 15N in 29,30N2 produced in cores that were amended with 
15NO3
-. Seasonal samples were taken July 2011, October 
2011, and May 2012. P-values are from 2-way ANOVA, with p-values ≤0.05 in bold. 
      Near   Far   2-way ANOVA p-value  
Rate Units   Mean SE   Mean SE   Season Proximity Interaction 
SOD µmol O2 m
-2
 h
-1
 
 
1139.1  332.2 
 
1291.8 316.3 
 
0.045 0.570 0.405 
Organic Matter %  2.8 0.7  5.6 0.8  0.126 0.008 0.540 
N-Fixation µmol 
14
N m
-2
 h
-1
 
 
40.5 40.5 
 
0.0 0.00 
 
0.422 0.356 0.422 
Denitrification (DNF) µmol 
14
N m
-2
 h
-1
 
 
311.6 96.7 
 
314.4 99.8 
 
0.006 0.959 0.683 
Potential DNF µmol 
14,15
N m
-2
 h
-1
 
 
302.0 99.4 
 
234.9 94.1 
 
<0.001 0.012 0.023 
Coupled DNF µmol 
15
N m
-2
 h
-1
 
 
1.2 1.5 
 
0.4 0.9 
 
0.001 0.149 0.273 
Direct DNF µmol 
15
N m
-2
 h
-1
   20.9 5.6   13.6 5.8   0.041 0.174 0.945 
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Table 4. Mean (±SE) of nitrogen regeneration in July 2011 in cores taken at the 
Soundview Park oyster reef (near = adjacent to oyster reef, far = 10-15 m away from 
reef). All values were measured from cores amended with 15NO3
- and all units are 
measured in µmol 15NH4
+
-N m-2 h-1. Nitrogen regeneration (15DNRA) represents 
dissimilatory nitrate reduction to ammonium, or the amount of 15NH4
+ formed when 
15NO3
- was added to cores. DNRA:DirDNF is the ratio of N transformation via 15DNRA 
to direct denitrification, with units µmol 15N m-2 h-1. Higher values favor DNRA and 
lower values favor direct denitrification. 14DNRA is measured in µmol 14NH4
+
-N m-2 h-1 
and was calculated from 15DNRA rates, 14NO3
- concentrations, and 15NO3
- 
concentrations. Total nitrogen regeneration (14,15DNRA) is the sum of 14N and 15N 
DNRA. P-values are taken from t-tests. 
    Near   Far   t-test 
Rate   Mean SE   Mean SE   p-value 
15
DNRA 
 
2.07 0.49 
 
7.10 2.07 
 
0.141 
DNRA:DirDNF 
 
0.08 0.04 
 
0.28 0.06 
 
0.122 
14
DNRA 
 
1.48 0.35 
 
12.48 3.63 
 
0.094 
14,15
DNRA   3.55 0.83   19.58 5.69   0.108 
 
Figure 3. Mean (±SE) sediment oxygen demand (SOD) by season and reef proximity 
(near = adjacent to reef, far = 10-15 m away from reef). Fluxes are shown from control 
cores (i.e., no 15N addition to inflow water). Seasons with different letters represent 
significant differences as indicated by Tukey’s multiple comparison test. Error bars 
represent standard error for 2 replicates. 
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Figure 4. Mean (±SE) denitrification (A) and potential denitrification (B) by season and 
reef proximity (near = adjacent to reef, far = 10-15 m away from reef). Fluxes in (A) are 
from control cores (no 15N addition) and fluxes in (B) are from cores amended with 
15NO3
-. All error bars represent standard error for 2 replicates. 
 
Figure 5. Mean (±SE) coupled denitrification (A) and direct denitrification (B) by season 
and reef proximity (near = adjacent to reef, far = 10-15 m away from reef). Fluxes in (A) 
are from cores amended with 15NH4
+ and fluxes in (B) are from cores amended with 
15NO3
-. Spring measurements of coupled denitrification were below detection (B.D.). 
Seasons with different letters represent significant differences as indicated by Tukey’s 
multiple comparison test. Error bars represent standard error for 2 replicates.  
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Figure 6. Mean (±SE) organic matter by season and reef proximity (near = adjacent to 
reef, far = 10-15 m away from reef). Error bars represent standard error for 2 replicates. 
 
 
 
Table 5. Mean (±SE) for nutrient fluxes in sediment cores with spat-on-shell and shell-
only substrates from the Soundview Park oyster reef. Units for fluxes are µmol of P or N 
m-2 h-1. P-values are from a t-test, with p-values ≤0.05 in bold. Abbreviations: SRP = 
soluble reactive phosphorus, NH4
+ = ammonium, NO2
- = nitrite, and NO3
- = nitrate. 
  
Spat-on-shell 
 
Shell-only 
 
t-test 
Flux   Mean SE   Mean SE   p-value 
SRP   8.6 7.3   7.9 3.1   0.940 
NH4
+
 
 
168.3 5.4 
 
79.7 4.0 
 
0.006 
NO2
-
 
 
-31.2 4.1 
 
-14.6 0.5 
 
0.057 
NO3
-
   -166.9 43.2   22.8 38.3   0.081 
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Table 6. Mean (±SE) for sediment oxygen demand (SOD) and nitrogen gas (N2) fluxes in sediment cores with spat-on-shell and shell-
only substrates. Denitrification (DNF) is measured in control cores with no 15N added. Potential DNF is measured in cores that were 
amended with 15N nitrate (15NO3
-). Coupled DNF represents 29,30N2 produced in cores that were amended with 
15N ammonium 
(15NH4
+). Direct DNF represents 29,30N2 produced in cores that were amended with 
15NO3
-. P-values are from t-tests. 
      Spat-on-shell   Shell-only 
 
t-test 
Rate Units   Mean SE   Mean SE   p-value 
SOD µmol O2 m
-2
 h
-1
   1475.6 379.3   1232.3 136.6   0.607 
N-Fixation µmol 
14
N m
-2
 h
-1
  0.0 0.0  0.0 0.0  - 
Denitrification  µmol 
14
N m
-2
 h
-1
 
 
266.1 22.6 
 
181.4 5.4 
 
0.067 
Potential DNF µmol 
14,15
N m
-2
 h
-1
 
 
243.3 34.2 
 
142.9 1.2 
 
0.099 
Coupled DNF µmol 
15
N m
-2
 h
-1
 
 
4.2 1.4 
 
4.8 3.9 
 
0.893 
Direct DNF µmol 
15
N m
-2
 h
-1
   34.6 8.2   9.1 6.1   0.130 
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Figure 7. Mean (±SE) sediment oxygen demand (SOD) for spat-on-shell (spat) and shell-
only (shell) reef substrate. Fluxes are shown from control cores (i.e., no 15N addition to 
inflow water). Error bars represent standard error for 2 replicates. 
 
 
 
Figure 8. Mean (±SE) denitrification (A) and potential denitrification (B) in spat-on-shell 
(spat) and shell-only (shell) cores. Fluxes in (A) are from control cores (no N addition) 
and fluxes in (B) are from cores amended with 15NO3
-. Error bars represent standard error 
for 2 replicates.   
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Figure 9. Mean (±SE) coupled denitrification (A) and direct denitrification (B) in spat-
on-shell (spat) and shell-only (shell) cores. Fluxes in (A) are from cores amended with 
15NH4
+ and fluxes in (B) are from cores amended with 15NO3
-. Error bars represent 
standard error for 2 replicates. 
 
Table 7. Mean (±SE) of nitrogen regeneration in July 2011 in cores taken at the 
Soundview Park oyster reef with spat-on-shell and shell-only substrates. All values were 
measured from cores amended with 15NO3
- and all units are measured in µmol 15NH4
+
-N 
m-2 h-1. Nitrogen regeneration (15DNRA) represents dissimilatory nitrate reduction to 
ammonium, or the amount of 15NH4
+ formed when 15NO3
- was added to cores. 
DNRA:DirDNF is the ratio of N transformation via DNRA to direct denitrification, with 
units µmol 15N m-2 h-1. Higher values favor DNRA and lower values favor direct 
denitrification. 14DNRA is measured in µmol 14NH4
+
-N m-2 h-1 and was calculated from 
15DNRA rates, 14NO3
- concentrations, and 15NO3
- concentrations. Total nitrogen 
regeneration (14,15DNRA) is the sum of 14N and 15N DNRA. P-values are taken from t-
tests. 
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    Spat-on-shell   Shell-only   t-test 
Rate   Mean SE   Mean SE   p-value 
Nregen 
 
5.1 0.3 
 
7.1 1.3 
 
0.254 
DNRA:DirDNF 
 
0.2 0 
 
1.2 0.7 
 
0.253 
14
DNRA 
 
11.0 0.6 
 
9.5 1.7 
 
0.504 
14,15
DNRA   16.1 0.9   16.7 3.0   0.862 
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Discussion 
 My research goals were to measure the effect of 1) oyster reef restoration and 2) 
oyster spat-on-shell on sediment denitrification pathways in a eutrophic coastal 
ecosystem. Reef-adjacent cores had significantly higher rates of potential denitrification 
in summer relative to the reef-distal cores, and cores with spat-on-shell had significantly 
higher denitrification and NH4
+
 efflux than shell alone. These data, combined with high 
variation in biogeochemistry among seasons, substrate types, and N2 production 
pathways, illustrate the underlying environmental controls on sediment N dynamics at 
this site and allow us to project the conditions under which oyster reef restoration is most 
likely to affect N2 production in urbanized coastal environments elsewhere.  
Oyster reef proximity and denitrification 
 Major drivers of denitrification rates include NO3
-
 availability, sediment organic 
matter, and favorable redox conditions (Groffman et al. 1999, Herbert 1999). Oysters 
should have the strongest effect on N cycling if biodeposition enhanced N or C pools at 
time periods when either substrate is limiting denitrification. My results showed potential 
denitrification (i.e., 
28,29,30
N2 in cores amended with 
15
NO3
-
) was higher in reef-adjacent 
cores than reef-distal cores in summer, with no differences during the other two seasons. 
This pattern may be attributable to organic matter or NO3
-
 limitation of denitrification. 
Nitrate concentrations were lowest in summer (Table 1), and organic matter was lower in 
summer and fall relative to spring (Table 3, Figure 6), both of which suggest N and/or C 
limitation of denitrification would be most likely in summer. In addition, I observed 
significantly higher potential denitrification in reef-adjacent relative to more distant 
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cores, but no effects on denitrification (i.e., unamended control cores). This further 
suggests that reef-adjacent denitrification was limited by NO3
-
 concentrations, while 
denitrifiers in reef-distal cores were not. 
A second explanation for why oyster reef proximity effects on potential 
denitrification were restricted to summer could be the evolving physical structure of the 
restored reef. My first sampling date was in July 2011, after the reef was seeded with spat 
for a second and final time in June 2011. Anecdotally, I observed the dispersal of oysters 
and shell substrate during the following autumn and spring. This occurred because the 
spat-on-shell were not permanently affixed to immobile structures, and shifted away from 
the reef with wave action. The agency responsible for reef construction and monitoring 
acknowledged the movement of oysters after the reef’s initial construction in October 
2010, and added 55,700 additional spat-on-shell to the reef in June 2011. It is likely that 
oyster export continued throughout my sampling period (July 2011 to May 2012), which 
may have lead to oyster burial and death. Soft, organic-rich sediments typical of urban 
coastal environments may face this challenge elsewhere, which could inhibit reef growth, 
reduce recruitment, and minimize the chances that oysters could affect sediment N 
dynamics. Allowing oysters to attach to large, stable substrates (e.g., concrete blocks) 
before reef construction may benefit future restoration in this ecosystem.  
A third reason that oyster reef proximity effects on potential denitrification were 
limited to summer was the relative abundance of oysters and food availability. 
Approximately 58,500 SOS were initially seeded to form the reef in Fall 2010 and an 
additional 55,700 were seeded in June 2011 (Grizzle et al. 2013). A month later, the 
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oyster population on the reef in July 2011 was estimated at 23,656 individuals (Alison 
Mass Fitzgerald, unpublished data). Although I do not know the oyster population size 
for October 2011 and May 2012, the population most likely continued to decline. In 
addition to waves and sedimentation decreasing oyster populations on the reef, 
recruitment after my summer sampling period was likely minimal because oyster 
reproduction in this area ceases by September (Levinton 2013). Finally, chlorophyll α 
concentration was also highest in summer compared to the other two seasons (Table 1). 
When combined, the higher concentration of phytoplankton, larger oyster populations, 
more consolidated reefs, and lower NO3
-
 concentrations in the summer offer strong 
explanations for the seasonally specific oyster-mediated effect on increased 
denitrification potential. However, it’s possible that as seasons were only sampled once 
each throughout one year, that seasonality may be less important than the time passed 
since reef construction. My results could also be affected by the time of sample 
collection, as I always took cores and water samples from the oyster reef at periods of 
low tide. 
Contrary to my predictions, the primary inorganic N substrate for denitrification 
was NO3
-
 rather than NH4
+
, regardless of oyster reef proximity. Rates of direct 
denitrification (i.e., 
15
NO3
-
 to 
29,30
N2) were consistently much higher than rates of coupled 
denitrification (i.e., 
15
NH4
+
 to 
29,30
N2), indicating that coupled nitrification-denitrification 
and/or anammox was not a major pathway for N2 production across seasons or oyster reef 
proximity. This is in agreement with recent research in Great Bay, New Hampshire 
(Hoellein et al. 2015), but is inconsistent with patterns observed elsewhere (Newell et al. 
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2002, Laursen and Seitzinger 2002, Smyth et al. 2013). However, it is possible the 
pattern documented here may change with oyster reef age and water column conditions. I 
expect mature reefs may promote greater coupled nitrification-denitrification as the 3-
dimensional complexity of reef structure may facilitate the adjacent oxic and anoxic 
microsites required. Coupled nitrification-denitrification may be more prevalent in 
systems with lower NO3
-
 and higher O2 concentrations (Seitzinger 2006, Newell 2002). 
An abundance of available NO3
-
 in the water column decreases the importance of 
nitrifying bacteria to provide NO3
-
 and can decouple nitrification and denitrification 
(Hoellein and Zarnoch 2014, Risgaard and Peterson 2003). High NO3
- 
concentrations are 
typical of well-mixed coastal waters in urban environments such as my study site and 
nearby ecosystems (Hoellein and Zarnoch 2014).  
 Seasonal variation in the effect of oysters on sediment N cycling has been shown 
in previous research. For example, in Bogue Sound, North Carolina, sediment adjacent to 
oyster reefs had higher denitrification rates compared to intertidal and subtidal flats, with 
highest rates in summer and the lowest rates in winter (Piehler and Smyth 2011). In 
addition, Kellogg et al. (2013) showed that intact oyster reefs had significantly higher 
denitrification rates than nearby sediments with no oysters, and the difference between 
the two types of sediment was greatest in summer and lowest in winter. Those results are 
consistent with my data by indicating summer as a period of stronger influence of oysters 
on denitrification than spring or fall.  
Water column nutrient concentrations may affect the role of oysters on sediment 
N cycling, and concentrations can be driven by land-use patterns and/or from sediment 
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effluxes of N and P. For example, Hoellein et al. (2015) found that eutrophic 
conditions (i.e., high water column chlorophyll a and sediment organic matter) at an 
oyster reef in New Hampshire were correlated with increased sediment denitrification 
relative to an oligotrophic reef. In Jamaica Bay, NYC, Hoellein and Zarnoch (2014) 
showed oysters increased sediment C but did not affect potential denitrification, because 
potential denitrification was not primarily C limited. Finally, sediments underlying 
bivalve aquaculture may be sinks for particulate and dissolved N, and sources of NH4
+ 
(Higgins et al. 2013, Dame 2012, Hatcher et al. 1994, Dame 1989), thereby affecting the 
balance between denitrification and DNRA (Nizzoli et al. 2006).  
The relative rates of denitrification and potential DNRA suggest that NO3
-
 was 
more likely to be denitrified than converted to NH4
+ 
via DNRA, similar to results 
documented in temperate coastal environments elsewhere. Ratios of DNRA to DNF were 
8% in reef-adjacent cores and 28% in reef-distal cores, with no significant effect of reef-
proximity. Converting data from Smyth et al. (2013) into identical units as this study, I 
estimate that mean N2 production near oyster reefs in summer was 214 μmol N m
−2
 h
−1
 
while mean potential DNRA was 86.0 μmol N m−2 h−1, giving a DNRA to denitrification 
ratio of 40%, slightly higher than documented here. Similarly, in nearby Jamaica Bay, the 
abundance of genes for nitrite reductase used in denitrification (i.e., nirS and nirK) 
outnumbered the abundance of genes for nitrite reductase used in DNRA (i.e., nrfA) 
(Lindemann, in review). The relative abundance of the nrfA gene to nir genes was 0.47% 
in sediment exposed to oysters, and 0.50% in sediment with no oysters (Lindemann, in 
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review). While the assembled ratios cover a large range, rates and genes for 
denitrification were consistently higher than those for DNRA.  
Like denitrification, DNRA requires anoxia, organic matter, and NO3
-
. Previous 
studies have suggested that DNRA may exceed denitrification in conditions of high 
sediment organic matter, sulfide, and sustained anoxia (Koop-Jakobsen and Giblin 2010, 
McGlathery 2007, Gardner 2006). Although I did not see a significant difference in 
DNRA in sediment cores due to oyster reef proximity and did not measure sulfide, higher 
sediment organic matter in reef-distal cores may in part explain the trend of higher 
DNRA relative to reef-adjacent cores. 
Spat-on-shell and N cycling  
Spat-on-shell cores showed significantly higher NH4
+
 fluxes and denitrification 
rates relative to shell-only cores, suggesting that live oysters impact N cycling beyond the 
effects of sediment that are simply exposed to oyster activity (i.e., reef-adjacent cores). 
Excretion by spat was the most likely reason for increased NH4
+
 flux. However, I note 
that increased NH4
+
 efflux did not correspond with increased coupled nitrification-
denitrification. This suggests the N2 produced from denitrification originated from NO3
-
 
(i.e., direct denitrification). Therefore, NH4
+
 excreted by spat or mineralized from 
biodeposits was not a source of N for denitrification when measured using sediment 
exposed to oysters (i.e., reef-adjacent cores), or sediment cores that contained live 
oysters. Instead, it is more likely that oysters contribute to direct denitrification via the C 
in their feces and pseudofeces, and not by supplying NH4
+
 in excretion or mineralized 
from biodeposits.  
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Other studies have found that live bivalves increase NH4
+
 flux and 
denitrification more than sediment alone or sediment that was exposed to the activity of 
bivalves. Kellogg et al. (2013) measured significantly higher denitrification and NH4
+
 
flux in cores with live oysters relative to sediment alone, attributed to oyster excretion 
and coupled-denitrification, as water column NO3
-
 was low in that study. Smyth et al. 
(2013) compared nutrient and gas fluxes from cores that contained sediment alone, cores 
with sediment and oysters, and cores with oysters and no sediment. Fluxes of net N2 and 
NH4
+
 were highest in the oyster-only cores, followed by oysters with sediment, both of 
which had significantly higher fluxes than sediment-alone. Using identical continuous-
flow cores as this study, Turek and Hoellein (2014) found higher net N2 flux and NH4
+
 
flux in sediment cores that contained live clams (Corbicula fluminea), relative to 
sediment alone or sediment that had been exposed to C. fluminea biodeposits in an urban 
river.  
In this study and those listed above, bivalves can stimulate N gas and solute 
fluxes via feces and pseudofeces, however, several additional pathways are possible. For 
example, microbial communities that colonize shell biofilms can carry out nitrification 
and denitrification (Svenningsen et al. 2012, Heisterkamp et al. 2010). Similarly, 
microbes in digestive systems of zebra mussels (Dreissena polymorpha) increase N gas 
fluxes via denitrification (Svenningsen et al. 2012). Finally, infaunal bivalves (e.g., clams 
such as C. fluminea) increase flux of inorganic nutrients and gasses between the water 
column and sediment microbes, and thereby enhance rates of nitrification and 
denitrification (Zhang et al. 2011, Turek and Hoellein 2014). To my knowledge, the 
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relative effects of sediment microbes and oyster shell or gut containing microbes to N 
gas fluxes have not been measured.  
Comparison of SOD and N-fixation rates to literature values  
Sediment oxygen demand (SOD) was not affected by proximity to the oyster reef, 
and although it was variable among seasons, SOD values were similar to previous studies 
of oyster reef sediments and positively related to sediment organic matter and DNRA. 
Overall, mean SOD ranged from 1100-1300 µmol O2 m
-2
 h
-1
 with the highest rates from 
individual cores measured in summer (1800 µmol O2 m
-2
 h
-1
). Similar values were found 
in oyster reefs in North Carolina, where SOD was ~1500 µmol O2 m
-2
 h
-1
, with a summer 
maximum of 2700 µmol O2 m
-2
 h
-1
 (Piehler and Smyth 2011). A recent study in the 
Chesapeake Bay demonstrated the potential for restored oyster reef SOD to reach very 
high rates of 12,000-38,000 µmol O2 m
-2
 h
-1
 (Kellogg et al. 2013). I found a positive 
relationship between SOD and sediment organic matter, which has been documented 
elsewhere (Smyth et al 2013, Walker and Snodgrass 1986).  
 Nitrogen fixation was below detection in most cores, was not affected by reef 
proximity, and is likely not a major component of N cycling at this site. I found N-
fixation in only 1 reef-adjacent sediment core in summer, and in 3 of the 
15
NO3
-
 amended 
cores in the spring (1 reef-adjacent, 2 reef-distal). Because incubations were completed in 
the dark, N-fixation was likely heterotrophic. These results are similar to Hoellein et al. 
(2015), who showed oyster reef proximity had no effect on N-fixation rates, including 
reefs at both an oligotrophic and eutrophic location. N-fixation was also not found in 
oyster reefs in North Carolina (Smyth et al. 2013). Nutrient-rich oyster biodeposits may 
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reduce N limitation in sediments near oyster reefs, thereby decreasing N-fixation, 
although this has not been experimentally evaluated.  
Expectations for reef restoration on sediment biogeochemistry in urban habitats 
 I predicted that oysters would enhance coupled and direct denitrification adjacent 
to the reef relative to sediment more distant from the reef. However, results suggest this 
expectation should be tempered, as the effects of oysters were significant in summer 
alone, and there was little evidence for coupled nitrification-denitrification as a 
significant pathway for N2 production. Managers in this region likely will continue to 
support oyster reef restoration as a technique for mitigating eutrophication and providing 
other ecosystem services. Therefore, I suggest reef construction that maintains oyster 
density to maximize the potential for oyster reefs to affect biogeochemical processes. If 
this occurs, organic matter from oyster biodeposits may increase direct denitrification of 
water column NO3
-
. Expanding reef area may also promote natural recruitment and reef 
complexity, thereby increasing benthic habitat heterogeneity and associated ecosystem 
services (Coen et al. 2007).  
In addition to increased oyster density, reducing reef displacement may be 
beneficial. During data collection, I noticed gradual movement of spat-on-shell away 
from the reef over the span of several months. ‘Mucky’ urban sediments, such as those 
found in the East River, are less likely to provide strong anchoring positions favored by 
C. virginica and may result in oyster burial. Restoration efforts may benefit from a 
mixture of reef construction techniques including immobile substrate for settling larvae, 
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such as concrete blocks or shells in plastic mesh bags (Grizzle et al. 2013, Yianopoulos 
and Anderson 2003, Coen et al. 2011). 
Oyster reef restoration may be one useful component of larger N mitigation 
strategies for urbanized coastal habitats such as New York and New Jersey, but I suggest 
this strategy should not be employed in isolation. Although there is a potential to increase 
N2 production, the size and density of oyster reefs required is unlikely to mitigate N 
inputs entirely (Higgins 2013). Physical improvements to wastewater systems and 
combined sewer overflows could reduce N input to NY waterways to a greater degree. 
Supporting programs that implement N credit trading could provide economic incentives 
to businesses and increase awareness of N pollution (Jones et al. 2010). These benefits 
build upon the economic value of oysters as low-maintenance nutrient regulation 
systems, and will require continued measurements of N fluxes as reef management 
policies evolve in this region.  
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CHAPTER III 
THE INTERACTION OF OYSTER PRESENCE AND EUTROPHICATION 
IN REEF AQUARIA MICROCOSMS 
Introduction 
Changes in oyster reefs and their ecosystem services 
Oyster reef loss is a global phenomenon. Approximately 85% of oyster reefs have 
been lost worldwide, with some areas deemed ‘functionally extinct’ or unable to sustain 
an oyster fishery or reef-related ecosystem services (Beck et al. 2011). Reef losses are 
driven by multiple stressors such as overharvesting (Rothschild 1994, MacKenzie et al. 
1997, Halpern et al. 2008), eutrophication, disease, and altered hydrology, which cause 
siltation of reefs and inhibit larval recruitment (Jackson et al. 2001, MacKenzie 1996).  
Intact oyster reefs provide many ecosystem services. Oyster reefs create complex 
three-dimensional structures (Coen et al. 2007, Gutiérrez et al. 2003), which provide 
habitat to invertebrates, fishes, and organisms that attach to hard surfaces (e.g., mussels, 
algae, and microbes) (Nestlerode et al. 2007, Gutiérrez et al. 2003). Reefs provide refugia 
and nursery sites, which increase abundance and diversity of fish with nearshore juvenile 
stages (Coen et al. 2007). Reefs also stabilize benthic and shoreline sediments, which 
may help mitigate rising sea level and shoreline erosion (Coen et al. 2007). Finally, filter-
feeding organisms can increase water clarity, with beneficial effects on the recreational 
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and property values of nearshore habitats (Grabowski and Peterson 2007, Coen et al. 
2007). Similar to other bivalve suspension feeders (Bruesewitz et al. 2006), oysters filter 
particulates from the water column and delivering carbon (C) and nitrogen (N) in 
biodeposits (i.e., feces and pseudofeces) to the sediment. Oyster filtrate is sorted and 
selectively ingested (Haven and Morales-Alamo 1966, Newell and Jordan 1983). 
Pseudofeces contain filtered items that are rejected (e.g., sand), and are released in 
loosely bound in mucus strings (Newell and Langdon 1996). Feces are produced 
following digestion, and are released from the oyster as mucus-bound pellets. Oyster 
filtration is highly variable, and dependent on oyster size, seston quality, and temperature 
(Riisgard 1988, Newell and Langdon 1996, Cranford et al. 2011). However, biodeposits 
are larger, contain more C and N, and sink up to 40% faster than un-aggregated, naturally 
settling organic matter (Newell et al. 2005), and thereby likely to stimulate 
biogeochemical processes in underlying sediment (Lund 1957, Hoellein et al. 2015). 
Oysters and sediment N cycling 
Nitrogen is considered a primary limiting nutrient in marine ecosystems, and has 
multiple transformations prior to removal from the aquatic environment. Through 
assimilation of inorganic N or N-fixation, organisms incorporate N into their tissues, 
where it can be transferred into food webs and recycled following death and excretion. 
Organic N in dead tissues and wastes are converted first into ammonium (NH4
+
, a highly 
reduced form of N), which can be directly assimilated by microbes or plants, and/or 
transformed via several microbially mediated processes. Nitrification by aerobic bacteria 
converts NH4
+
 into nitrate (NO3
-
). Anaerobic ammonia oxidation (anammox) converts 
NH4
+
 and nitrite (NO2
-
) into N2 (Strous et al. 1999, Thamdrup and Dalsgaard 2002). Like 
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NH4
+
, NO3
-
 can be assimilated directly by plants and microbes, and has several fates 
through dissimilatory transformations. For example, dissimilatory NO3
-
 reduction to 
NH4
+
 (DNRA) by anaerobic bacteria reverts NO3
-
 into NH4
+
, creating a feedback loop 
that retains N in an environment and enhances eutrophication (An and Gardner 2002, 
Giblin et al. 2013). In contrast, denitrification is the aerobic reduction of NO3
-
 to N2 gas 
through linked dissimilatory transformations (with creation and reduction of nitrous oxide 
as an intermediary step). Denitrification results in the removal of biologically reactive N 
from aquatic habitats, so factors that control denitrification are a focus of research in 
eutrophic ecosystems. 
Oyster biodeposits may enhance removal of N from the aquatic ecosystem by 
stimulating sediment denitrification (Newell 2004, Kellogg et al. 2014) by altering one or 
more of the three primary drivers of denitrification: organic C, NO3
-
, and favorable redox 
conditions (Herbert 1999, Philippot 2002). Oyster biodeposits may enhance the quality or 
quantity of sediment C, thereby driving denitrification of water column NO3
-
 (i.e., direct 
denitrification). This is typical in well-mixed coastal habitats high in water column NO3
-
 
(Hoellein and Zarnoch 2014). In addition, biodeposits contain organic N, which can be 
mineralized to ammonium (NH4
+
), and oysters excrete NH4
+ 
directly. If oyster-derived 
NH4
+
 is nitrified, the NO3
-
 produced may be subsequently denitrified (i.e., coupled 
nitrification-denitrification). In areas with low water column NO3
-
 relative to NH4
+
, this 
can be the dominant pathway for N2 production (Herbert 1999, Heiss et al. 2012, Smyth 
2013, Kellogg et al. 2014). Coupled nitrification-denitrification requires adjacent anoxic-
oxic microsites, which support close association of organisms and chemical substrates for 
each process. Enhancing N delivery to sediments and the removal of N from ecosystems 
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via denitrification may help mitigate effects of cultural eutrophication, but requires 
careful measurement of separate denitrification pathways (i.e., coupled vs. direct) and 
environmental controls on N cycling rates. 
Restoration of native oyster reefs in coastal ecosystems has been proposed as a 
method to promote denitrification. Understanding the environmental conditions that 
control oyster-mediated denitrification is important for planning reef conservation and 
restoration (Hoellein et al. 2015). Previous research has produced equivocal results, 
however, as oysters increase denitrification rates in some cases, but have little effect in 
others. For example, Hoellein et al. (2015) showed denitrification in oyster reef-adjacent 
sediments was higher than denitrification in reef-distal sediments at one reef in New 
Hampshire, but found no effect at another reef. Comparisons of restored oyster reefs to 
oyster-free control sites at a reef in Chesapeake Bay showed significantly higher 
denitrification in the reefs (Kellogg et al. 2013). Finally, experimental enclosures of 
oysters at varying densities increased sediment organic matter, but had no effect on 
denitrification potential (Hoellein and Zarnoch 2014) or denitrification gene abundance 
(S. Lindeman, unpublished data) in Jamaica Bay, NYC. In summary, oyster reefs may 
enhance denitrification, but the effect of oyster reefs on the underlying controls for 
various denitrification pathways require further study, especially for reefs in waters 
influenced by urbanization.  
Oyster reef restoration in NYC 
Prior to 1900, oysters were common throughout the Atlantic coast of the United 
States, including New York Harbor (Levinton et al. 2013, Zu Ermengassen 2012, 
Mackenzie et al. 1997). Unsustainable harvesting depleted the New York and New Jersey 
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fishery by the 1920’s (Franz 1982). Other contributions to oyster reef loss in the area 
include the creation of shipping passages and dredging (Mackenzie et al. 1997) as well as 
cultural eutrophication and disease (Levinton 2013).  
Eastern oyster (Crassostrea virginica) reef restoration in NYC is supported by 
local and state government agencies. Reef restoration is ongoing at several locations 
including the Hudson River, Jamaica Bay, and East River. One primary objective for 
restoration is to improve water quality via oyster filtration and enhanced denitrification 
(Cornwell et al. 1999, Newell et al. 2005, Coen et al. 2007, Grizzle et al. 2013). Recent 
evidence using experimental enclosures suggests that oysters can increase sediment C 
and may affect denitrification potential (Hoellein and Zarnoch 2014). However, no 
previous studies have examined environmental controls and pathways for denitrification 
in restored oyster reefs in urban ecosystems.  
Thesis research 
 In the previous chapter of this thesis, I examined nitrogen transformation rates at a 
recently restored oyster reef in New York City. By using a mass spectrometer to measure 
N2 species in sediment cores, I found few differences between oyster reef sediments and 
a nearby control site due to high ambient nutrient concentrations and variation in 
samples. Although denitrification rates were not significantly different due to the reef, I 
was able to find a consistent pattern in denitrification pathways using 
15
N isotopes, where 
direct denitrification rates were consistently higher than coupled nitrification-
denitrification rates. High nutrient concentrations and the similarity between reef and 
control sediments may have caused a lack of significant differences in field data. 
Physicochemical characteristics at this restored oyster reef (e.g., unique hydrology and 
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tides, urbanization) make it difficult to find comparable control sites that account for all 
relevant variables. Finding an oligotrophic reference site with an oyster reef in New York 
City is extremely unlikely, however these conditions could be replicated in a laboratory 
environment. The utilization of aquaria would allow me to determine potential effects of 
oyster reefs on denitrification rates in the presence of varying eutrophication levels while 
also reducing the amount of variation observed in the field. 
 In this study, I compared oyster reef effects on sediment N biogeochemistry in 
aquaria by manipulating sediment C and water column nutrient concentrations. Using 
artificial seawater and homogenized sediment from the field site in NYC, I built artificial 
‘reefs’ in aquaria. I designed a fully crossed experiment to compare the effect of oysters 
on sediment N cycling under conditions mimicking eutrophication (i.e., high water 
column nutrients and high sediment organic matter) and under oligotrophic conditions 
(i.e., no added water column nutrients and low sediment organic matter). I collected 
sediment cores from aquaria and analyzed N cycling using the same analytical 
approaches as the field study (Chapter 2).  
I predicted that aquaria with oysters would have higher rates of denitrification 
than aquaria without oysters. Additionally, I predicted that eutrophic aquaria would have 
higher rates of denitrification than oligotrophic aquaria. I expected coupled nitrification-
denitrification would be the dominant N pathway for denitrification in both oligotrophic 
and eutrophic aquaria. These results provide insight to N biogeochemistry in urbanized 
ecosystems, which has not been extensively studied. Results will inform management 
practices as well as assist oyster reef restoration efforts of the Hudson River Foundation 
and other stakeholders.  
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Methods  
Aquarium experiment with oyster and eutrophication treatments 
This experiment was carried out in glass aquaria (42 L, 26 cm x 32 cm x 51 cm) 
with 2 fully crossed treatments: oysters and eutrophication. The oyster treatment 
consisted of 6 aquaria with oysters (density 200 m
-2
) and 6 aquaria without oysters. 
Aquaria oyster density was designed to match field densities observed in previous studies 
(Mann et al. 2009). The eutrophication treatment consisted of 6 aquaria with organic-rich 
sediment collected from the study site at the East River, NYC, and water column 
enrichments of ammonium (NH4
+
), phosphate (PO4
3-
), and nitrate (NO3
-
) at 
concentrations matching the study site. The low nutrient (i.e., oligotrophic) treatment was 
established in 6 aquaria, which received no organic matter or water column enrichment 
(N=12 aquaria total). The four separate treatments in this study design are 1) oligotrophic 
without oysters, 2) oligotrophic with oysters, 3) eutrophic without oysters, and 4) 
eutrophic with oysters. The experiment was carried out in 3 separate trials of 4 aquaria 
each, where one of each treatment type was present in each trial. Each trial lasted 11 
days, after which sediment was collected for measurements of N transformations via 
continuous-flow cores.  
Sediment for the eutrophication treatment was collected from Soundview Park in 
the East River, New York City on October 3, 2012, November 26, 2012, and January 28 
2013. Sediment was collected by shovel in a shell-less area several meters away from the 
site of the previous oyster reef field study in the East River. Sediment was kept on ice and 
shipped overnight. Immediately upon delivery, sediment was homogenized with a putty 
knife and mixed with small amount of artificial seawater (30 ppt, Instant Ocean, United 
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Pet Group, Blacksburg, VA) until it became a thick paste. Macroinvertebrates, rocks, 
shells, and garbage were removed from sediment if present. For each eutrophic aquarium, 
I filled 5 rubber caps (8.3 cm diameter, 5 cm depth) with 3 cm of playground sand and 2 
cm of East River sediment on top (not mixed together). For each oligotrophic aquarium, 
caps were filled with playground sand only. The 5 caps for each aquarium were then 
placed in foil pans (10 cm x 24 cm x 30 cm), which had been filled 8 cm deep with 
playground sand, so that the cap’s top surface was level with the surface of the sand in 
the foil pan. Pans covered approximately 60% of the bottom of aquaria, leaving room for 
water exchange during the 10-day incubation without disturbing sediments or caps.  
Aquaria were slowly filled with artificial seawater, minimizing disturbance to 
sediments and caps. Each aquarium was inoculated with microbes from the study site. To 
do this, I mixed 100 mL of homogenized sediment with 100 mL of artificial seawater and 
slowly poured the slurry over the entire water surface of the aquaria. In eutrophic 
experimental tanks, I added a nutrient amendment based on measurements from the field 
study (Table 1). Bubblers were added to all aquaria.  
For each trial replicate, I obtained fifty, 2-year-old live eastern oysters 
(Crassostrea virginica) from Fisher’s Island Oyster Hatchery (Fisher’s Island, NY), 
following the precedent set by the Hudson River Foundation to use hatchery oysters 
when restoring NYC oyster reefs. Oysters were shipped overnight and refrigerated upon 
arrival. I randomly distributed individual oysters to the two experimental oyster aquaria. 
Oyster density was set at 200 oysters m
-2
 (14 oysters aquarium
-1
), based on previous 
research (Mann et al. 2009) and for maximizing the number of oysters that could fit in the 
aquaria. Oysters were held above the sediment on a wire mesh stand (1.27 cm) fitted to 
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the top of each foil pan before placement in aquaria. Remaining oysters were placed in 2 
separate reserve aquaria.  
All aquaria (including non-oyster treatments), received 25 mL daily inputs of 
marine microalgae (Instant Algae Shellfish Diet 1800, Reed Mariculture, Campbell, CA) 
diluted to 1 L with artificial seawater. Algae were added to aquaria via a gravity-fed slow 
drip system made of 0.64 cm tubing and a plastic stopcock. Tubing released algae at the 
water surface over the bubblers, which dispersed algae throughout the aquarium. Oyster 
survivorship was monitored for 10 days. Any dead oysters were replaced with living 
oysters from the reserve tanks. Mortality was variable, but improved in sequential trials 
(48% in trial 1, 10% in trial 2, and 0% in trial 3). Mortality in trial 1 was attributed to 
weekend air conditioning failure that also affected other concurrent experiments in the 
facility. However, all dead individuals were immediately replaced so the impact on 
sediment microbial processes was minimal. Artificial seawater was siphoned and 
replaced every 2 days. Nutrient amendments were added to eutrophic tanks every time 
aquaria water was changed.  
Collection of sediment caps 
 After 10 days, all aquaria water was carefully siphoned from aquaria and oysters 
were removed and frozen. I removed the 5 sediment core caps from each foil pan. Acrylic 
cores (7.6 cm diameter, 30.48 cm length) were placed snugly inside the caps (N=3 per 
aquarium), creating a tight seal with minimal disturbance of sediment. Caps were sealed 
to acrylic cores with electrical tape and placed in a dark cooler. The contents of the 
remaining 2 caps from each aquarium were used for organic matter and C:N analysis (see 
below).  
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Flow-through measurements of nutrient and gas fluxes 
Acrylic cores with sealed rubber caps filled with sediment were set up in 
continuous-flow incubations within 30 minutes of sampling (N=3 treatment
-1
). I gently 
filled each core with artificial seawater to a depth of 5 cm above the sediment water 
interface (SWI), a volume of approximately 227 mL, which minimized SWI disturbance. 
A plunger with a rubber O-ring was placed into each core to create a seal. The plunger 
was plumbed with a Teflon inlet and outlet tubing. (Lavrentyev et al. 2000; An et al. 
2001). I prepared twelve 20 L carboys of artificial seawater as water sources for the cores 
and added bubblers to the carboys. Aerated site water flowed into each core via a 16 
channel peristaltic pump (model 205U, Watson Marlow Pumps Group, Falmouth, 
Cornwall, UK) at a rate of 1.0 mL minute
-1
, and core outflows were collected in beakers. 
I carefully removed any air bubbles from the core headspace at the beginning of the 
analysis, and cores were monitored for bubbles throughout. I covered cores with 
aluminum foil to prevent bubble formation via photosynthesis, although I observed no 
benthic algae or bubble formation inside cores. I conducted the entire analysis at room 
temperature.  
I established three treatments in the artificial seawater that flowed into the cores: 
four cores received no 
15
N (control), four cores had added 
15
NH4
+
 (final concentration 10 
μM 15NH4-N), and four cores had added 
15
NO3
-
 (final concentration 10 μM K15NO3-N) 
(Nielsen 1992, Gardner and McCarthy 2009). These isotope treatments enriched mean 
(±SE) inflowing water column nutrient concentrations of 
14,15
NH4
+
 and 
14,15
NO3
-
 by a 
factor of 2.47 (±0.44) and 1.66 (±0.14), respectively, in oligotrophic cores and by a factor 
of 1.33 (±0.07) and 1.23 (±0.05), respectively, in eutrophic cores. Water was passed 
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through the cores for 24 hours to establish steady-state environment prior to sample 
collection (Gardner and McCarthy 2009). Inflow and outflow water was then collected at 
24, 48, and 72 hours after the start of the incubation (Bruesewitz 2013).  
At each sample collection period, I collected samples for dissolved inorganic 
nutrients and gasses. Water samples for dissolved nutrients were filtered with 0.2 µm 
nylon syringe filters (Thermo Scientific, Rockwood, TN, USA) into triplicate 20 mL 
liquid scintillation vials (Wheaton, Millville, NJ, USA). Water samples were frozen until 
measurement of dissolved nutrients. Separately, I collected three replicate water samples 
for dissolved gas analyses. Water from each inflow and outflow were collected in 12 mL 
flat-bottomed vacutainers with screw caps (Labco Limited, Lampeter, UK). For this 
process, I filled each vial slowly from the bottom and allowed them to overflow for 
several volumes (Bruesewitz et al. 2013). Water samples for dissolved gas analysis were 
preserved with 200 µL of 50% zinc chloride and stored underwater and below room 
temperature until analysis of dissolved gasses (Kana et al. 1994, An et al. 2001, An and 
Gardner 2002, McCarthy and Gardner 2003). 
Sediment and oyster organic matter 
After starting the continuous-flow measurements, I retrieved the 2 sediment core 
caps reserved for sediment analysis. From one cap, I transferred 270 ml of sediment to 
pre-ashed and weighed aluminum pans, dried samples at 60°C for a minimum of 48 
hours, and measured dry mass. I combusted the samples at 550 °C for 4 hours, allowed 
samples to cool for at least 1 hour in a room temperature desiccator, then measured ash 
mass to calculate ash-free dry mass (AFDM). From the final cap, I placed 0.75 ml of 
sediment in three 2 mL microcentrifuge tubes (#02-681-266, Fisher Scientific, USA). 
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Samples were dried at 60C, acidified with two treatments of 25% HCl, re-dried at 60C 
(Nieuwenhuize et al. 1994), and then measured with a Perkin Elmer 2400 Series II CHN 
analyzer (PerkinElmer, Waltham, Massachusetts, USA), as described by Hoellein and 
Zarnoch (2014), to determine sediment % carbon and % nitrogen. Analyses of C:N in 
artificial reef sediments started by calculating the moles of C and N in each sample by 
multiplying the total sample weight by the % of C or N, then dividing by the atomic mass 
of C or N, respectively. Finally, I measured organic content of oyster visceral mass using 
the process described for sediment AFDM.  
Dissolved solute and gas chemistry 
Water chemistry was performed on a SEAL AutoAnalyzer 3 (Seal Analytical, Inc., 
Mequon, WI). I measured SRP using the ascorbic acid method (Murphy and Riley 1962), 
NH4
+ with the indophenol blue method (Solorzano 1969), and NO2
- + NO3
- (NOx
-) using 
the sulfanilamide method with a cadmium reduction column. Samples were also tested 
with the sulfanilamide method but without the reduction column to measure NO2
- alone, 
and NO3
- was determined by difference (Greenburg 1985). We modified the 
sulfanilamide method by amending the ammonium chloride (NH4Cl) reagent with 0.5 g 
L-1 of ethylenediaminetetraacetic acid (EDTA) buffer.  
Dissolved gas analysis was performed using a membrane-inlet mass spectrometer 
(MIMS, Bay Instruments, Easton, MD). For each sample, a peristaltic pump moved water 
from the bottom of the sample vial through a vacuum chamber, which pulled dissolved 
gasses out of solution across a membrane (Kana et al. 1994, An et al. 2001, Bruesewitz et 
al. 2013). MIMS plumbing includes a trap submerged in liquid N2 to prevent water vapor 
contamination. Gasses measured on the MIMS include N2 isotopes (
28N2, 
29N2, and 
30N2), 
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argon, and oxygen. We ran periodic standards of equal salinity at 24.5°C and 37°C to 
correct for instrument drift throughout the run (Kana et al. 1994, Hoellein and Zarnoch 
2014). The quadrupole mass spectrometer in the MIMS can produce O+ ions that form 
nitric oxide (NO) in the presence of N2, thereby affecting 
28N2 and 
30N2 measurements 
(Eyre et al. 2002; Kana and Weiss 2004). The error magnitude is machine-specific 
(McCarthy and Gardner 2003), but has not been measured for the machine used in this 
analysis.  
Flux calculations 
We calculated fluxes of dissolved nutrients and gasses by subtracting the outflow 
from the inflow concentrations, where a positive number indicates net production or 
release from sediment, and a negative number indicates net retention (An et al. 2001). We 
multiplied change in element (µmol) by the flow rate of the pump, and then divided by 
the area of the SWI to obtain a final value for flux in units of mol element m-2 h-1 
(McCarthy et al. 2008).  
Multiple N2 gas transformations were calculated using the relative N2 fluxes 
across the three treatments (control, +15NH4
+, and +15NO3
-). Net N2 flux was the balance 
of denitrification and N-fixation in control cores. N-fixation was calculated by using a 
quadratic equation based on gross 28,29,30N2 denitrification and net 
28,29,30N2 production in 
the 15NO3
- cores (An et al. 2001). Denitrification (DNF) was calculated as the difference 
between N-fixation and net N2 flux in the control cores. Potential DNF, or the rate of 
denitrification in the presence of elevated NO3
-, was measured as total N2 production 
(accounting for N-fixation) in the 15NO3
- cores. Finally, we followed the 15N from the 
15NH4
+ and 15NO3
- into the isotopically labeled 29,30N2. Coupled DNF represented the 
15N 
62 
 
converted to 29,30N2 in cores that were amended with 
15NH4
+. Direct DNF represents the 
15N converted to 29,30N2 in cores that were amended with 
15NO3
-. We note anammox can 
also contribute to isotope labeled N2, however, studies from nearby estuaries suggest it is 
a relatively minor contributor of total N2 production (i.e., 2-9% of denitrification; 
Engström et al. 2005; Koop-Jakobsen and Giblin 2009). Finally, we acknowledge that 
denitrification rates do not account for incomplete denitrification to nitrous oxide.  
Statistical analysis 
For all fluxes, we first calculated the mean flux on each sampling day, and then 
calculated mean flux from each individual core by averaging across the 3 sampling days 
(24, 48, and 72 hours post incubation). The three separate experimental trials were 
replicates for the statistical analysis, where N=3 for each treatment (oligotrophic without 
oysters, oligotrophic with oysters, eutrophic without oysters, eutrophic with oysters). I 
used a 2-way ANOVA with trophic level and oyster presence as factors to analyze 
patterns in dissolved solute flux, sediment organic matter, SOD, and N2 gas 
transformations (i.e., net N2 flux, N-fixation, denitrification, potential denitrification, 
coupled denitrification, direct denitrification), sediment organic matter, and sediment C 
and N content. We used t-tests to analyze patterns in oyster soft tissue organic matter. 
Analyses were performed in Systat v.13 (Systat Software, Inc.) with p-values ≤0.05 as a 
threshold for significance.  
Results  
Physicochemical measurements 
 Physicochemical measurements including temperature, DO, and salinity were 
identical across the 3 sequential trials of the laboratory experiment and were similar to 
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mean seasonal values from the field experiment. As expected, water column nutrient 
concentrations of oligotrophic aquaria were much less than eutrophic aquaria (Table 8). 
However, mean concentrations of NH4
+
 and NO3
-
 were higher in eutrophic aquaria than 
in the East River by approximately 10 uM. In addition, water column SRP concentrations 
in both aquaria treatments were consistently higher than field concentrations. I did not 
include NO2
-
 in the aquaria nutrient amendments, which was lower in aquaria than in the 
field study (Table 8). 
Nutrient and gas fluxes  
Fluxes of dissolved nutrients were generally positive (i.e., net flux out of the 
sediment) across oyster and trophic state treatments (Table 9). One exception to this 
pattern was in the eutrophic treatment with oysters, where sediment showed net uptake of 
NH4
+
, NO2
-
, and NO3
-
. Uptake of NO3
- 
was significantly higher in eutrophic aquaria 
(ANOVA, p=0.003), but the effect of oyster presence was only marginally significant 
(ANOVA p= 0.077). NO2
-
 flux was not significantly affected by either trophic state or 
oyster presence. For SRP and NH4
+
 flux, there were significant effects of trophic state, 
oysters, and oyster x trophic state interaction (ANOVA, SRP p=0.001, NH4
+
 p<0.001, 
Table 9).  
All gas fluxes were significantly higher in eutrophic aquaria, and oysters had no 
effect on any fluxes (except direct DNF; Table 10). SOD was higher in eutrophic aquaria 
and was not affected by oyster presence (ANOVA, p=0.952, Table 10), and SOD in 
eutrophic aquaria was similar to mean SOD in the field study (Figure 10). Rates of DNF 
and potential DNF were also not affected by oyster presence, and potential DNF 
(measured in cores amended with 
15
N) was consistently greater than DNF (Table 10, 
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Figure 11). Direct DNF was the only flux that was significantly higher when oysters were 
present (ANOVA, p=0.035; Table 10, Figure 12B). Direct DNF was also higher in high 
nutrient aquaria (ANOVA, p<0.001), and there was no significant interaction between 
oysters and nutrients (ANOVA p= 0.560). Coupled DNF was also not affected by oyster 
presence, and was lower than direct DNF across all treatments (Table 10, Figure 12). 
This pattern is identical to that observed in the field study. 
Sediment organic matter and oyster tissue biomass 
As expected, there was more organic matter in eutrophic aquaria (ANOVA, 
p<0.001, Table 11, Figure 13), which also had a greater proportion of sediment C 
(ANOVA, p<0.001) and N (ANOVA, p=0.001) relative to low nutrient aquaria (Table 
11, Figure 14). Oyster presence had no effect on total organic matter (ANOVA, p=0.380, 
Table 11); however, oysters significantly increased the relative sediment N content 
(ANOVA, p = 0.029) and marginally increased the sediment C content (ANOVA, p = 
0.071) (Table 11, Figure 14) in both high and low nutrient aquaria. Interaction between 
oyster presence and trophic level was not significant (ANOVA, % N p=0.081, % C 
p=0.177) (Table 11). Finally, oyster visceral mass averaged 1 g AFDM oyster
-1
 in all 
aquaria, with no difference in low and high nutrient aquaria (t-test, p=0.403, Figure 15).
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Table 8. Mean (±SE) water column physicochemical values for oligotrophic and 
eutrophic aquaria in the laboratory experiment. Field measurements are the average water 
column nutrient concentrations in seasonal samples from the East River, New York City. 
Abbreviations: DO = dissolved oxygen, SRP = soluble reactive phosphorus, NH4
+ = 
ammonium, NO2
- = nitrite, and NO3
- = nitrate. 
      Experimental aquaria   
 Measurement Units   Oligotrophic  Eutrophic    Field 
Temperature ˚C 
 
20.7 (0.2) 20.8 (0.2) 
 
19 (3) 
Salinity ppt 
 
30 (0) 30 (0) 
 
25 (0) 
DO mg L
-1
 
 
7.9 (0.1) 8 (0.1) 
 
7 (1) 
SRP µM 
 
5 (0.5) 16 (1) 
 
2 (1) 
NH4
+
 µM 
 
5 (1) 24 (1) 
 
14 (8) 
NO2
-
 µM 
 
0.4 (0.01) 0.4 (0.03) 
 
2 (1) 
NO3
-
 µM 
 
7 (1) 25 (0.2) 
 
15 (6) 
 
 
 
  
6
6
 
Table 9. Mean (±SE) nutrient fluxes in sediment cores taken from oligotrophic and eutrophic aquaria, with and without oysters. Units 
for fluxes are µmol of P or N m-2 h-1. P-values are from 2-way ANOVA by trophic state and oyster presence, with values ≤0.05 in bold. 
Abbreviations: TS = trophic state, OP = oyster presence, Int. = interaction of trophic state and oyster presence, SRP = soluble reactive 
phosphorus, NH4
+ = ammonium, NO2
- = nitrite, and NO3
- = nitrate. 
  Oligotrophic  Eutrophic     
  Control  +Oysters  Control  +Oysters  p-value 
Flux  Mean SE  Mean SE  Mean SE  Mean SE  TS OP Int. 
SRP  20.6 2.1  111.9 16.7  6.9 6.2  0.4 5.7  <0.001 0.002 0.001 
NH4
+
  88.2 1.5  118.4 17.7  53.4 4.6  -28.3 5.7  <0.001 0.028 <0.001 
NO2
-
  0.2 0.9  -5.4 12.1  -5.2 2.9  -18.8 16.5  0.391 0.381 0.71 
NO3
-
  92.9 29.7  4.1 30.3  27.4 10.2  -44.8 10.3  0.003 0.077 0.268 
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Table 10. Mean (±SE) sediment oxygen demand (SOD) and nitrogen gas (N2) fluxes in sediment cores taken from oligotrophic and 
eutrophic aquaria with and without oysters. Denitrification (DNF) was measured in control cores (no 15N added) and represents total 
N2 production after accounting for N-fixation (N-fixation was zero in all aquaria). Potential denitrification (Pot. DNF) was measured 
in cores amended with 15N nitrate (15NO3
-). Coupled denitrification (Cpl. DNF) represents the 15N in 29,30N2 produced in cores 
amended with 15N ammonium (15NH4
+). Direct denitrification (Dir. DNF) represents the 15N in 29,30N2 produced in cores that were 
amended with 15NO3
-. P-values are from 2-way ANOVA by trophic state and oyster presence, with values ≤0.05 in bold. 
Abbreviations: TS = trophic state, OP = oyster presence, Int. = interaction of trophic state and oyster presence.  
 
 
 
  Oligotrophic   Eutrophic       
  Control  +Oysters  Control  +Oysters  p-value 
Rate (Units) Mean SE   Mean SE   Mean SE   Mean SE   TS OP Int. 
SOD (µmol O2 m
-2
 h
-1
) 691 221  583 47  1079 62  1170 145  0.008 0.952 0.489 
DNF (µmol 
14
N m
-2
 h
-1
) 8.3 4.2  6.1 2.8  62.4 1.6  57.1 21.6  0.001 0.891 0.743 
Pot. DNF (µmol 
14,15
N m
-2
 h
-1
) 34 11  34 3  108 12  127 31  0.002 0.598 0.590 
Cpl. DNF (µmol 
15
N m
-2
 h
-1
) 0.9 0.4  0.5 0.2  6.2 2.3  4.6 2.1  0.018 0.545 0.703 
Dir. DNF (µmol 
15
N m
-2
 h
-1
) 4.0 1.7   24.7 3.8   50.5 11.5   63.2 5.1   <0.001 0.035 0.560 
  
68 
 
Figure 10. Mean (±SE) sediment oxygen demand (SOD) by trophic state and oyster 
presence. Fluxes are shown from control cores (i.e., no 15N addition to inflow water). 
Error bars represent standard error for 3 replicates. Reference line represents observed 
values from the field study.  
 
 
Figure 11. Mean (±SE) denitrification (A) and potential denitrification (B) by trophic 
state and oyster presence. Fluxes in (A) are from control cores (no 15N addition) and 
fluxes in (B) are from cores amended with 15NO3-. Error bars represent standard error 
for 3 replicates.  
S
O
D


m
o
l 
O
2
 m
-2
 h
-1
)
0
200
400
600
800
1000
1200
1400
Control   +Oysters               Control   +Oysters
     Oligotrophic                          Eutrophic
Avg E. River SOD
(1136.3)
  
69 
1
5
D
N
F
 (

m
o
l 
2
9
,3
0
N
2
 m
-2
 h
-1
)
0
20
40
60
80
Control   +Oysters      Control   +Oysters
     Oligotrophic                Eutrophic
Control   +Oysters      Control   +Oysters
     Oligotrophic                Eutrophic
A B
 
Figure 12. Mean (±SE) coupled denitrification (A) and direct denitrification (B) by 
trophic state and oyster presence. Fluxes in (A) are from cores amended with 15NH4
+ and 
fluxes in (B) are from cores amended with 15NO3
-. Error bars represent standard error for 
3 replicates.  
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Table 11. Mean (±SE) oyster soft tissue ash-free dry mass (AFDM), aquaria sediment % organic matter (OM), aquaria sediment % 
carbon, and % nitrogen by trophic state and oyster presence. P-value for oyster AFDM is from t-test comparing oysters in each trophic 
state. P-values for sediment, %C and %N are from 2-way ANOVA by trophic state and oyster presence, with values ≤0.05 in bold. 
Abbreviations: TS = trophic state, OP = oyster presence, I = interaction of trophic state and oyster presence. 
    Oligotrophic   Eutrophic         
   Control  +Oysters  Control  +Oysters  p-value 
    Mean SE   Mean SE   Mean SE   Mean SE   TS OP I 
Oyster Tissue             
(g AFDM) 
 - -  0.82 0.35  - -  1.22 0.14  0.403 - - 
Sediment OM (%)  0.32 0.12  0.37 0.08  1.68 0.17  1.84 0.06  <0.001 0.380 0.627 
Sediment C (%)  0.03 0.01  0.09 0.04  0.52 0.17  0.88 0.10  <0.001 0.071 0.177 
Sediment N (%)   <0.01 <0.01   0.01 0.01   0.02 0.01   0.04 <0.01   0.001 0.029 0.081 
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Figure 13. Mean (±SE) organic matter from oligotrophic and eutrophic experimental 
aquaria. Error bars represent standard error for 3 replicates. 
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Figure 14. Mean (±SE) sediment % carbon by mass (A) and sediment % nitrogen by 
mass (B) of artificial reef sediment by trophic state and oyster presence. Error bars 
represent standard error for 3 replicates. Note the y-axis scale for %N is several orders of 
magnitude smaller than the y-axis for %C.
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Figure 15. Mean (±SE) organic matter of oyster visceral mass from oligotrophic and 
eutrophic aquaria. Error bars represent standard error for 3 replicates. T-test, p=0.403. 
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Discussion 
This experiment was designed to test how oyster presence and trophic state affect 
total denitrification and to determine the pathways used for N2 production in aquaria. As 
expected, eutrophic conditions increased denitrification, however, oyster presence only 
stimulated direct denitrification (i.e., denitrification of water column NO3
-
), likely via 
enhanced organic matter quality. These data illustrate the underlying controls on 
sediment N dynamics that occur in oyster reefs, which are needed to predict where oyster 
restoration can be expected to provide the ecosystem service of enhanced denitrification 
in eutrophic ecosystems. 
Eutrophic conditions increased denitrification 
Three primary factors control denitrification: redox conditions, NO3
-
 availability, 
and sediment organic matter (Groffman et al. 1999, Herbert 1999). In the eutrophic 
aquaria, I influenced all three characteristics relative to the oligotrophic conditions via the 
addition of NH4
+
, NO3
-
, and sediment organic matter from the East River. As expected, 
denitrification rates were strongly affected by trophic state, regardless of oyster presence. 
All measured forms of denitrification in this study were significantly increased by 
eutrophic conditions, including denitrification, potential denitrification (
14,15
N in cores 
amended with 
15
NO3
-
), coupled denitrification (cores amended 
15
NH4
+
), and direct 
denitrification (cores amended with 
15
NO3
-
).  
Contrary to my predictions, there was evidence of nutrient limitation of 
denitrification rates in both eutrophic and oligotrophic conditions. My prediction was that 
denitrification in the eutrophic aquaria would not be nutrient limited, given the N and C 
enrichments. However, denitrification rates increased with added 
15
NO3
-
 in both 
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oligotrophic and eutrophic aquaria (Table 10, Figure 11), suggesting NO3
-
 limitation in 
both treatments. N-limitation in eutrophic aquaria is also supported by the greater NO3
-
 
fluxes into the sediment in eutrophic aquaria relative to oligotrophic aquaria, indicating 
higher sediment NO3
-
 demand (Table 9). Additionally, although water column DO 
concentrations were the same in oligotrophic and eutrophic aquaria, sediment oxygen 
demand was significantly greater in eutrophic cores, which is also commonly correlated 
with higher denitrification (Kellogg et al. 2013, Piehler and Smyth 2011). Overall, the 
microbial communities in eutrophic and oligotrophic aquaria responded to changes in N 
availability with high N uptake and thus have the capacity to respond to the effect of 
oysters on sediment N and C pools. 
Oysters increased direct denitrification in eutrophic and oligotrophic conditions 
Under both oligotrophic and eutrophic conditions, oysters increased direct 
denitrification, or the amount of water column 
15
NO3
-
 that entered the N2 pool, but the 
magnitude of change was different between treatments. In oligotrophic aquaria, oysters 
increased direct denitrification by a factor of 6.2 (i.e., from 4 to 24 µmol N m
-2
 h
-1
), but in 
eutrophic aquaria, oysters increased direct denitrification by a factor of 1.3 (from 50 to 63 
µmol m
-2
 h
-1
). The pathways whereby oysters could affect direct denitrification include 
the organic matter in biodeposits and the altered hydrology around reefs due to oyster 
filtration. 
Results suggested oysters increased sediment organic matter quality, as the 
relative abundance of C and N was higher in sediment exposed to oysters in both 
oligotrophic and eutrophic aquaria (Table 11, Figure 12). This is most likely the effect of 
oyster biodeposits (Gallagher 1988, Baldwin and Newell 1991, Baldwin and Newell 
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1995). Providing sediment denitrifiers with higher quality organic matter could 
increase denitrification of water column NO3
-
, especially in oligotrophic conditions 
where C is likely to be limiting. Contrary to expectations, however, oysters did not 
increase total sediment organic matter (Table 11, Figure 11). One explanation for this 
could be that measurements of organic matter included the entire volume of each core 
caps in the aquaria (8.3 cm diameter, 5 cm depth). It is possible that the oyster-mediated 
effect on organic matter only occurred only at the sediment surface (Hoellein and 
Zarnoch 2014), and including the entire contents of the caps may have obscured any 
surface differences in organic matter between control and oyster aquaria. Additionally, 
the 10-day incubation period of aquaria trials may have been an insufficient amount of 
time in order to accumulate significant differences between control and oyster aquaria.  
Oyster-enhanced direct denitrification could also be facilitated by their influence 
on aquarium hydrology. Anecdotally, I observed oyster aquaria had clearer water relative 
to aquaria without oysters, indicating a higher rate of algae and nutrient delivery from the 
water column to the sediment due to the filtration. This may have also increased 
movement of dissolved NO3
-
 in the water column to sediment microbes. Larger reefs may 
alter in situ hydrology at the reef scale, although the effect on denitrification would 
depend on the oyster density and natural hydrodynamic patterns (e.g., tides, currents, and 
estuary inputs). 
Other studies have found links between oyster filter-feeding and organic matter in 
sediments near reefs. Similar to results from the laboratory study, Hoellein et al. (2015) 
showed that sediments near reefs have higher quality and quantity of C than reef-distal 
sediments, which was correlating with higher oyster feeding and direct denitrification 
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rates. In addition, Kellogg et al. (2013) compared sediments in restored oysters reefs to 
control (no oyster sites) and found reefs had 15 times more total C and 11 times more 
organic C than control sites. Finally, Newell (2002) used aquaria experiments to show 
oysters decreased turbidity, and the organic matter removed from the water column by 
oysters increased benthic organic matter, N remineralization, and denitrification rates. 
I expected oysters to increase coupled nitrification-denitrification via NH4
+
 in 
biodeposits and oyster waste, however, coupled denitrification rates were consistently 
low and not affected by oysters. This conflicts with previous studies that found coupled 
denitrification to be the dominant N2 production pathway (Newell 2002, Smyth et al. 
2013). In this study, the ratio between coupled nitrification and direct denitrification was 
highest (~23%) in the oligotrophic, no oyster aquaria (i.e., 0.9 and 4.0 µg N m
-2
 h
-1
, 
respectively; Figure 12) and 12% in the eutrophic, no oyster aquaria. In aquaria with 
oysters the ratio was ≤7%. Oyster aquaria likely limited nitrification by increasing 
oxygen demand via organic matter biodeposits at the benthic surface, limiting oxygen 
availability to nitrifying microbes. 
Oysters had little effect on total denitrification, SOD, and nutrient fluxes 
I predicted that oysters would have a greater effect on sediment gas and nutrient 
fluxes in oligotrophic aquaria, where oyster biodeposits would be more likely to alleviate 
N and C limitation of microbial activity. However, while oysters affected the pathway of 
direct denitrification (
15
NO3
-
 to 
29,30 
N2), oysters had little effect on total denitrification 
rates or sediment oxygen demand in both oligotrophic and eutrophic conditions. Potential 
explanations for these patterns include considerations of oyster density and reef 
complexity, incubation time, and the uniform nature of high-quality algal feedstocks. 
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The ‘artificial reef’ conditions in aquaria cannot account for some ecologically 
significant components of natural reefs, including variation in oyster density, 
demographics, and structural complexity. I set aquaria density set at 200 oysters m
-2
 
based on studies that calculated reef density for the Mid-Atlantic (Mann et al. 2009, 
Kellogg et al. 2014). In addition, the aquarium oysters were all the same age. Aquarium 
reef complexity is low compared to older, wild reefs with mixed age classes and greater 
abundance of shells and associated organisms. Physical complexity of structured habitat, 
such as oyster reefs, enhances denitrification relative to unstructured habitats, such as 
mudflats (Piehler and Smyth 2011, Kellogg et al. 2013, Hoellein et al. 2015). Future 
aquaria studies could include these elements by establishing treatments with different 
densities, population structures, and variation in shell abundance.  
The incubation time in this experiment (10 days) was established based on oyster 
survivorship in a pilot study, and may play a role in the capacity to detect an effect of 
oysters on microbial N transformations. It’s possible that the effect of oysters on total 
organic matter abundance may require a greater duration of oyster exposure. In addition, 
denitrifying microbes may require more time to acclimate to changes in C and N pools. 
The lack of difference in total denitrification rates may be due to eutrophic aquaria not 
having reached microbial carrying capacity. Future studies may avoid this complication 
by sampling aquaria over multiple time points to assess growth and succession of reef-
associated biofilm communities and activities. 
The capacity for oysters to affect sediment processes is mediated in part by 
feeding selection and variability in food stocks may drive oysters’ effect on sediment 
denitrification. In this study, I provided high quality mixed algae shellfish-feed to all 
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aquaria. Thus, the effects of oysters on sediment microbes via food selection (i.e., 
production of feces and pseudofeces) by oysters were minimized. Previous laboratory 
work examining effects of oysters on N transformation rates also used algal monoculture 
feeds (Newell 2002), however, these conditions do not reflect typical algal diversity in 
oligotrophic or eutrophic ecosystems. Field studies show higher seston and biodeposit 
quality correlates with higher direct denitrification rates (Hoellein et al. 2015). Future 
studies could evaluate the effect of oyster food selection on denitrification by using algal 
cultures of mixed nutritional quality. 
Comparison of results to field study 
Eutrophic aquaria were established to match conditions at a restored oyster reef in 
the East River, NYC. My measurements indicate physicochemical variables including 
temperature, salinity, and DO were consistent throughout the lab study and approximated 
field conditions (Table 8). In addition, nutrient and gas fluxes showed similar patterns 
between eutrophic oyster aquaria and rates observed in the field. For example, fluxes of 
SRP and NH4
+
 showed sediments were generally sources of nutrients into the water 
column, except for eutrophic oyster aquaria, which acted as NH4
+
 sinks (Table 9). In the 
cores collected adjacent to the restored oyster reefs in situ, sediments were also sources 
of SRP. Eutrophic aquaria and the cores from the field were both net sinks of NO3
-
. 
Although the lab study showed marginally significant increases with oyster presence 
(Table 9, p=0.077), the field study showed no increase in NO3
- 
uptake with oyster reef 
proximity (Table 3, p= 0.572). This difference could be due to experimental design, 
where field sediment cores were taken adjacent to reefs so as to not disturb the restored 
oyster reef, but lab aquaria suspended oysters directly above sediments. Finally, although 
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SOD was similar between lab and field data, denitrification rates (Table 10) were 
generally lower in the eutrophic aquaria than in the field.  
Patterns in coupled nitrification-denitrification and direct denitrification were very 
similar in both the laboratory and field measurements. In both settings, direct 
denitrification was higher than coupled nitrification-denitrification. In the field, 
nitrification rates for both oyster reef-adjacent and distal cores were highly variable 
among replicate cores and seasons. This variability precluded a significant effect of 
oyster reef proximity on denitrification rates for the field project. In contrast, rates in the 
controlled aquaria environment were less variable among replicates, and showed oyster 
presence significantly influenced denitrification pathways by encouraging direct 
denitrification.  
Expectations for reef restoration 
Overall, the aquaria experiment suggests some role for oysters in denitrification of 
eutrophic habitats. In particular, oyster reef restoration may prove useful for promoting 
loss of water column NO3
-
. This point is critical for in restoration sites like the East 
River, where harvest of N from oyster soft tissues and shells is discouraged or illegal, 
limiting the use of oyster harvest as a method of N removal. My data show the 
denitrifying ‘power’ of reef-associated microbes is likely restricted by surface area, 
oyster density, and seasonality. If paired with a method to increase nitrification or 
anammox rates, oyster reef restoration could be applied more broadly to mitigate N 
pollution in coastal ecosystems. In addition, restoration would best be utilized in 
conjunction with other nutrient mitigation strategies, techniques, or policy changes to 
limit the nutrients entering aquatic ecosystems.  
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